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Preface 
The experimental chapters presented in this thesis were written as a series of 
independent papers that have been published, or are intended for publication, in peer-
reviewed journals. Consequently, each of the five experimental chapters was 
structured in the style of the chosen journal. As each chapter represents a stand-alone 
paper, and is therefore self-contained, each has its own more detailed introduction 
and discussion and there is minor repetition between them. Each chapter was co-
authored; nevertheless, I am the principal author and contributor to this work. I 
conceptualised the research with guidance from my supervisory panel. Furthermore, 
I collected and analysed the data, and wrote the manuscripts with editorial advice 
from my supervisory panel. Because each chapter is written as it appears, or will 
appear, in publication, I have retained the use of the collective pronoun. In addition 
to the experimental chapters, I conclude this thesis by highlighting the significance of 
the research, and discussing its limitations and potential directions of future research 
(Chapter 7). Below are details of published papers and papers in review that have 
arisen from the research presented in this thesis. Details are accurate at the time of 
submission. 
Chapter 2: Sutton, TL, Riegler, M and Cook, JM (2015) Characterisation of 
microsatellite markers for fig-pollinating wasps in the Pleistodontes imperialis 
species complex. Australian Journal of Zoology, 63(2), 122-126. 
Chapter 3: Sutton, TL, Riegler, M and Cook, JM (2016) One step ahead: a 
parasitoid disperses farther and forms a wider geographic population than its fig 
wasp host. Molecular Ecology, 25(4), 882-894. 
Chapter 4: Sutton, TL, DeGabriel, JL, Riegler, M and Cook, JM (in revision) 
Barriers from barcodes: how reliable are DNA barcodes in fig wasps? Heredity.  
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Abstract 
Geography plays an important role in the study of evolutionary ecology. It has 
implications for the coevolution of species interactions, our ability to accurately and 
confidently delimit species boundaries, and can influence species’ adaptations that 
may provide resilience, or make them vulnerable, to climatic change. A geographic 
consideration of these issues can help to improve our understanding of the processes 
generating biodiversity and its fate under predicted climate change. 
In this thesis, I investigated the genetic structure of a pollinator-parasitoid interaction 
over a wide geographic range, assessed the reliability of DNA barcoding under 
different geographic scenarios, and examined the resilience of a temperate fig-
pollinating wasp species to climate change. Figs are keystone species in many 
regions and the fig – pollinator system is a classic example of an obligate mutualism. 
In this thesis, I explored the evolutionary ecology of pollinator and non-pollinator fig 
wasps associated with the Port Jackson fig (Ficus rubiginosa) in eastern Australia. 
This system is particularly interesting due to the sheer number of species that interact 
within F. rubiginosa fruits. There are five recognised pollinating wasps of F. 
rubiginosa: Pleistodontes imperialis sp. 1, 2, 3, 4 and 5 (sensu Haine et al. 2006). All 
of these are parasitised by Sycoscapter non-pollinating fig wasps, of which there are 
three species: Sycoscapter sp. A, B and C. 
I begin this thesis by describing the development of microsatellite markers that I 
characterised for population genetic studies in Pleistodontes imperialis sp. 1 and 
demonstrating their utility in other species of the P. imperialis complex (Chapter 2). 
Next, I applied these markers to a comparative population genetic study of a fig-
pollinating wasp (P. imperialis sp. 1) and its parasitoid (Sycoscapter sp. A) (Chapter 
3). I found that the pollinator comprises two disjunct populations while the parasitoid 
exists as a single population throughout eastern Australia. These results suggest that 
the two pollinator populations have the potential to diverge ecologically in their 
responses to a common antagonist, which may facilitate speciation. Furthermore, I 
provide the first evidence that a fig wasp parasitoid likely disperses farther than its 
associated fig-pollinating wasp, challenging common perceptions about parasitoid fig 
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wasp dispersal that were based solely on measurements of flight heights in tropical 
rainforests. 
I then shifted my focus to test the reliability of DNA barcoding for delimiting fig 
wasp species in sympatry and allopatry (Chapters 4 and 5), focussing on the P. 
imperialis complex of closely related wasp species associated with F. rubiginosa. I 
found that Bayesian clustering analyses help to identify potential F1 hybrids, but 
reveal minimal interspecific gene flow between sympatric fig wasp species. Thus, 
my results validate the use of DNA barcoding for species delimitation of fig wasps 
pollinating F. rubiginosa. 
I then scaled genetic differentiation of allopatric P. imperialis sp. 1 fig wasp 
populations with reference to a closely-related species. The levels of divergence in 
nuclear and mitochondrial DNA sequences, as well as in microsatellite markers, 
suggest that these populations are actually incipient species. While my findings 
support the use of DNA barcoding for species delimitation in sympatric fig wasps, 
they also highlight some of the issues associated with DNA barcoding of allopatric 
taxa that are recently diverged. Based on my results, I recommend that exploratory 
DNA barcoding should be supported by multilocus estimates of genetic divergence 
and/or gene flow. 
In Chapter 6, I departed from a molecular framework to examine the potential impact 
of one aspect of climate change (heatwaves) on a temperate fig wasp species. 
Laboratory experiments revealed severely reduced emergence and longevity at 
temperatures often experienced on hot days during Australian summers (39-42°C), 
but these were unaffected by temperatures up to 30°C and 36°C, respectively. 
Interestingly, longevity was significantly shorter under low humidity conditions 
across all temperatures. The core temperatures of figs growing on trees was higher 
(+0.94°C) in figs exposed to direct sunlight compared to figs that were protected by 
shade, indicating that figs in shaded microhabitats could provide protection for wasps 
in hot conditions. In this context, studies of tropical fig wasps have revealed extreme 
sensitivity to even small increases in temperature. In contrast, I showed that 
temperate fig wasps are less sensitive to small increases in temperature, but are at 
risk from extreme temperatures that are expected to increase in frequency and 
intensity with global warming. The risks that reduced humidity pose to fig wasps, 
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however, appear to be applicable to both tropical and temperate species. By reducing 
pollinator emergence and longevity, extreme temperatures and reduced humidity 
could limit the pollination potential of figs, which may have serious implications for 
the persistence of the mutualism. 
The results presented in this thesis highlight the importance of population genetic 
approaches to coevolutionary studies and biodiversity assessments. Importantly, in 
estimating biodiversity, we must consider contemporary processes that are likely to 
be shaping the future of biodiversity, rather than focussing purely on past processes 
that have shaped biodiversity as we see it today. Only then can realistic predictions 
be made about the future of species under predicted climate change.  
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At the heart of evolutionary ecology is the motivation to understand the processes 
responsible for the generation and maintenance of biodiversity. The geographic 
structure and distribution of species is a fundamental theme in this field (Gaston 
2009) that has implications for the coevolution of species interactions (Thompson 
2005), how we estimate species diversity (Coyne & Orr 2004; Lukhtanov et al. 
2015), and how it might be affected by predicted climate change (Samways et al. 
1999; Gibson et al. 2010; Lynch et al. 2014). Understanding the interplay between 
these key issues is essential to creating a clearer picture of past, present and future 
patterns of biodiversity. 
Thompson (2005) proposed that the geographic structure of species is integral to the 
evolution of their interactions. He argued that different selective pressures in 
different environments could result in divergent outcomes of an interaction across 
populations. Should gene flow between populations be restricted, ecological 
speciation may proceed. In many systems, however, genetically divergent 
populations do not exhibit obvious ecological (or even morphological) divergence, 
and may or may not exchange genes on secondary contact (Donnelly et al. 2013; 
Palmé et al. 2013; Giska et al. 2015; Martinsson et al. 2015). Consequently, our 
ability to confidently delimit species is highly-dependent on the geographic 
distribution of cryptic diversity. 
Cryptic diversity that exists in allopatry poses significant problems to species 
delimitation. Specifically, genetic divergence in geographic isolation is not always 
indicative of reproductive isolation (e.g. Senn et al. 2010). Conversely, hybridisation 
and gene flow among sympatric cryptic taxa can be assessed using population 
genetic analyses (e.g. Giska et al. 2015). The geographic issues inherent to species 
delimitation are not trivial; inaccurate species delimitation affects our entire 
understanding of species interactions and how they evolve. Perhaps more 
importantly, though, the geographic distribution of cryptic species may influence 
their thermal tolerance adaptations (Stevens 1989), which has consequences for their 
resilience to predicted climate change (Addo-Bediako et al. 2000). 
Plants and insects are extremely useful models in evolutionary ecology due to the 
extraordinarily diverse nature of their interactions. These interactions span the 
continuum from mutualistic (e.g. pollination) to antagonistic (e.g. herbivory), often 
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encompass multiple trophic levels (e.g. plant-herbivore-parasitoid) and range in their 
degree of specialisation. Furthermore, they exhibit high levels of geographic 
variation (e.g. Aigner 2005; Thompson & Fernandez 2006; Cosacov et al. 2008; 
Anderson & Johnson 2009; Gómez et al. 2009a), cryptic species (e.g. Haine et al. 
2006; Griffiths et al. 2011; Williams et al. 2012), and are extremely sensitive to 
climatic change (e.g. Rader et al. 2013; Polce et al. 2014; Miller-Struttmann et al. 
2015). In this thesis, I explore the geographic structure of interacting species, species 
delimitation under contrasting geographic scenarios, and the resilience of temperate 
insects to climate change using fig wasps as a model system. 
 
1.1 The fig – fig wasp mutualism 
One of the best studied examples of a mutualistic plant-insect relationship is the fig – 
fig wasp system. There are approximately 750 described fig (Ficus, Moraceae) 
species distributed across four subgenera and 19 sections, and Ficus  is represented 
on all continents except Antarctica (Berg 1989). Figs exhibit marked variation in 
their reproduction and pollination mode, but all share an obligate relationship with 
species-specific fig-pollinating wasps (Hymenoptera: Agaonidae). Approximately 
half of all fig species are dioecious (Cook & Segar 2010), i.e. trees are either male or 
female, and the other half are monoecious. In dioecious species, pollinators cannot 
distinguish between male and female trees, and foundresses that enter syconia 
(enclosed inflorescences, usually referred to as ‘figs’, or ‘fig fruits’) of female trees 
pollinate ovules whose styles are too long for wasp oviposition and thus do not 
support the development of wasp offspring (Raja et al. 2008). Foundresses that enter 
figs of male trees can successfully reproduce and thus also facilitate tree 
reproduction, because female wasps are responsible for dispersing fig pollen. In 
monoecious species, each tree bears figs that contain male and female flowers that 
support the development of seeds and wasps. 
Receptive figs emit unique volatile chemicals that attract pollen-bearing female fig 
wasps (Ware et al. 1993; Hossaert-McKey et al. 1994) which enter the receptive 
syconium through a narrow passageway called the ostiole. In monoecious figs 
(Figure 1.1), the female wasp (foundress) then pollinates fig ovules, depositing an 
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egg into a subset of ovules, and this initiates gall formation, which provides 
nourishment for her offspring. The foundress dies within the fig, and her offspring 
develop over the course of a few weeks, emerging at the time when male flowers 
produce pollen inside the fig. Wingless males exit their galls and create holes in the 
females’ galls in order to gain access and mate (Zammit & Schwarz 2000). As figs 
are normally founded by only one or a few females, mating commonly occurs 
between siblings. Consequently, fig wasp populations are typically highly inbred. 
Following insemination, males bore holes through the fig wall and subsequently die 
within the natal fig. Females emerge from their galls, collect pollen and exit through 
the holes created by the males in search of a receptive fig to enter and continue the 
reproductive cycle. The fig fruit ripens and changes colour soon after the wasp 
offspring emerge, which attracts vertebrate frugivores that disperse the fig seeds 
(Shanahan et al. 2001). 
Pollination of fig trees by fig wasps can be active or passive. In actively-pollinated 
fig species, mated female fig wasps emerge from their galls and deliberately collect 
pollen by loading it into specialised structures called pollen pockets. Then, when a 
foundress enters a receptive fig, she deliberately unloads the pollen onto some of the 
fig ovules. In contrast, pollinators of passively-pollinated figs inadvertently collect 
pollen on their bodies. The pollen is then haphazardly and passively deposited onto 
fig ovules while the wasps are laying eggs inside the receptive fig (Galil & Neeman 
1977; Jousselin & Kjellberg 2001). 
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Figure 1.1: Development of a monoecious fig. Receptive (B-stage) syconia emit volatile 
cues that attract pollen-bearing female fig-pollinating wasps. After oviposition and 
pollination, the foundress dies. Males chew exit holes during D-stage of development, 
through which pollen-bearing females exit. The syconium ripens at E-stage and is eaten by 
frugivores, which disperse its seeds. Figure reproduced from Harrison (2005). 
 
 
The fig – fig wasp mutualism is exploited by non-pollinating fig wasps (NPFWs), 
which complete their life cycle within the fig but do not provide pollination services 
(Bronstein 1991). NPFWs are extremely diverse – species richness estimates exceed 
7,000 (Cook & West 2005) – but Segar et al. (2013) characterised them into four 
functional guilds: small gallers, large gallers, small parasitoids and large parasitoids. 
Small gallers induce galls and feed within small flowers, and are preyed upon by 
small parasitoids. Large gallers can induce galls in fig flowers or in the fig wall, and 
are preyed upon by large parasitoids. Almost all NPFWs deposit eggs into the fig 
from the outside, and have thus evolved long external (or extrudable) ovipositors. 
Interestingly, the vast majority of NPFWs have not evolved the ability to create exit 
holes, and so rely on the male fig-pollinating wasps to release them from the natal 
fig.  
 
 
  
6 
 
1.2 Coevolution of plant-insect interactions 
Plants and insects represent two of the most speciose eukaryotic groups on Earth 
(Mora et al. 2011), largely because of the diverse range of interactions between 
them. Indeed, insect pollination has been linked with the radiation of the 
angiosperms (Regal 1977; Mulcahy 1979; Labandeira et al. 1994), and coevolution 
of adaptive traits among plants and their insect pollinators is evidenced by 
pollination syndromes (i.e. matching suites of plant and pollinator traits that are 
produced by coadaptation; Fenster et al. 2004). Similarly, insect herbivores can 
induce the evolution of plant defence syndromes (Agrawal & Fishbein 2006), 
creating an antagonistic ‘coevolutionary arms race’ (Van Valen 1973) between plants 
and herbivores. 
The fig/pollinator interaction has resulted in the correlated evolution of complex 
traits across more than 750 species within the genus Ficus and their associated insect 
pollinators. Ramírez (1974) first noted correlations between (i) differences in style 
length of female flowers in monoecious and dioecious figs and pollinator ovipositor 
length (later confirmed by Weiblen 2004), (ii) amount of pollen production and 
presence of corbiculae (pollen pockets) on pollinators, and (iii) ostiole shape and 
pollinator head morphology. Kjellberg et al. (2001) subsequently showed that 
passively-pollinated figs produce more pollen than actively-pollinated figs and that 
active pollinators have coxal combs (to pick up and brush off pollen) while passive 
pollinators do not. Furthermore, van Noort & Compton (1996) revealed convergent 
evolution of head morphology in a lineage of fig-pollinating and a lineage of 
internally-ovipositing NPFWs, such that the head shapes of wasps from different 
lineages on the same host plant were very similar, while closely related wasps from 
different host plants could have different head shapes. 
Correlation between fig and fig wasp traits, along with observed extreme levels of 
host specificity in the fig – fig wasp system (Baker 1961; Wiebes 1961; Ramírez 
1970) led to the early notion that each fig species is pollinated by a single wasp 
species, and vice versa, and that the two lineages diversified under strict-sense 
cospeciation (Herre et al. 1996). Furthermore, cophylogenetic studies supported 
strict-sense cospeciation of figs and their pollinators (Herre et al. 1996). However, 
advances in molecular tools and analyses over the past two decades changed the way 
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that coevolutionary studies within the fig – fig wasp system were undertaken. The 
use of genetic data to reconstruct phylogenetic relationships greatly improved the 
ability to test hypotheses regarding the evolution of coevolved morphological traits. 
Perhaps unexpectedly, phylogenetic studies revealed convergent evolution of several 
key fig (Jousselin et al. 2003) and wasp (Weiblen 2004) morphological traits, and 
acquisitions and reversions of pollination mode (Cook et al. 2004) and breeding 
systems (Machado et al. 2001). Hence, coevolved traits are not necessarily indicative 
of cospeciation and should not be used in isolation as evidence of cospeciation. 
Subsequent studies have revealed that the taxonomic scale of sampling and the 
number of genetic markers employed affect the outcome of cophylogenetic analyses 
(Jackson 2004; Machado et al. 2005; Jackson et al. 2008). Specifically, sampling of 
deeply divergent taxa and the use of only one or two markers can lead to 
unrealistically high estimates of codivergence, while sampling of closely-related taxa 
and the application of multiple genetic markers often lead to lower estimates of 
cospeciation. The current, widely-accepted view of diversification in figs and their 
pollinators is one of broad-scale codivergence (at the level of fig section and wasp 
genus) with pollinator duplications and host switches among closely-related fig 
species (Weiblen & Bush 2002; Jackson 2004; Weiblen 2004; Machado et al. 2005; 
Jackson et al. 2008; Silvieus et al. 2008; Cruaud et al. 2012; McLeish & van Noort 
2012). The existence of multiple pollinator species (co-pollinators) on a single host 
fig species is evidence of the duplication and host switching events that have 
contributed to pollinator diversification. Interestingly, Yang et al. (2015) revealed 
that all known co-pollinators of dioecious figs are sister taxa, while only a third of 
co-pollinators of monoecious figs are sister taxa. The tendency for duplicated co-
pollinators to exhibit patterns of geographic replacement or allopatry suggests an 
allopatric origin of co-pollinators in dioecious figs (Cook & Segar 2010), while most 
co-pollinators of monoecious figs arise from host switches in sympatry. 
These strong insights into the diversification of fig-pollinating wasps are in stark 
contrast to our current understanding of NPFW diversification. Far less effort has 
been applied to studying NPFWs, and current knowledge of their diversification is 
therefore poor. NPFWs are polyphyletic, having arisen from several chalcidoid wasp 
families (Rasplus et al. 1998), and occupy a range of different niches (Segar et al. 
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2013). Consequently, patterns of diversification are expected to vary among 
taxonomic groups (Cook & Segar 2010). Nevertheless, most cophylogenetic studies 
reject strict cospeciation of NPFWs with host (fig or wasp) species and reveal 
evidence for host switching (Lopez-Vaamonde et al. 2001; Weiblen & Bush 2002; 
Jackson 2004; Silvieus et al. 2008; McLeish et al. 2012; but see Marussich & 
Machado 2007)  . McLeish et al. (2012), for example, showed that cryptic Arachonia 
parasitoids share host pollinators on multiple distantly related fig species from the 
sections Galoglychia and Sycomorus. The poor representation of NPFWs in the 
cophylogenetic literature is clear evidence that our understanding of the 
coevolutionary history of NPFWs is lacking. More detailed studies of NPFWs at 
finer taxonomic scales could help to elucidate patterns of diversification. 
 
1.2.1 Population genetics and the ‘geographic mosaic theory of coevolution’ 
Thompson (1994, 2005) suggested that studying the genetics of populations is key to 
understanding the evolution of species interactions. Indeed, Hubby & Lewontin 
(1966) recognised population genetic variation as “the fundamental datum in 
evolutionary studies”, which can be used to explain the origins of genetic variation 
and predict its consequences. Thompson’s (2005) ‘geographic mosaic theory of 
coevolution’  hypothesises that differences in the genetic structure of interacting 
species can lead to spatial variation in the outcomes of such interactions (i.e. 
geographic mosaics), such as differences in parasitism resistance (e.g. Kraaijeveld & 
van Alphen 1995) or predator-prey dynamics (e.g. Brodie et al. 2002), which may 
result in ecological speciation. Thus, while cophylogenetic studies help to form 
hypotheses regarding long-term diversification of major lineages, population genetic 
studies of interacting species provide an overview of recent and contemporary gene 
flow which can help to formulate more accurate hypotheses regarding mechanisms of 
ongoing diversification and coevolution. 
Thompson (2005) recognised the importance of geographic mosaics in the fig – fig 
wasp system. Fig wasps frequently mate among siblings, and fig wasp populations 
are thus typically highly inbred (e.g. Molbo et al. 2004). Consequently, reduced 
heterozygosity in fig wasp populations might be expected to accelerate genetic 
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divergence of sub-populations. Fig populations are likely to diverge at a much slower 
rate than pollinator populations, due to a longer generation time and relatively low 
levels of inbreeding, and thus exhibit potentially different patterns of genetic 
structure relative to pollinators (e.g. Liu et al. 2013). Yet despite the incredible 
insights that comparative population genetic research can provide, studies of this 
kind have been rare in this system. Liu et al. (2013) found that contemporary local 
habitat fragmentation resulted in highly structured populations in the pollinator wasp 
Wiebesia pumilae sp. 1, but not in its host, Ficus pumila. Such structure could result 
in the divergence of wasp populations inhabiting the same fig species. In contrast, 
Liu et al. (2015b) reported clinal geographic structure in F. pumila throughout 
southern China and Hainan Island, and no genetic structure in its pollinator, W. 
pumilae sp. 2, in the same region. Interestingly, whereas both F. hirta (Yu & Nason 
2013) and its pollinator, Valisia javana (Tian et al. 2015), exhibit strong genetic 
structure between Hainan Island and mainland China, only F. hirta exhibits highly 
structured populations throughout mainland China. These studies highlight the 
potential importance of geographic mosaics for diversification in this system by 
demonstrating that patterns of geographic structure vary between interacting species. 
Yet, although NPFWs represent a significant evolutionary pressure within this 
system, they are noticeably absent from comparative population genetic studies.  
 
1.3 The species delimitation problem 
The accurate and reliable identification of species is integral to ecological and 
evolutionary studies, but the lack of a universally accepted ‘species concept’ presents 
major challenges to this process (Mallet 1995; de Queiroz 2005, 2007). Despite 
widespread calls for pluralist approaches to species delimitation that incorporate 
aspects of multiple species concepts (Mishler & Donoghue 1982; Ereshefsky 1992; 
Rosselló-Mora 2003), differences in the biological basis of many modern species 
concepts render them incompatible. The taxonomic grouping of organisms often 
depends on which concept is applied (Mallet & Willmott 2003), and this usually 
depends on the taxa being studied and/or the question being addressed. 
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Possibly the most familiar and widespread species concept is the Biological Species 
Concept (BSC), which was conceived in its earliest form by Dobzhansky (1935) and 
later refined by Mayr (1942). The BSC considers species as actually or potentially 
interbreeding organisms that produce fertile offspring. Although it proposes a clear 
and intuitive definition of species, there are major fundamental issues with the 
application of the BSC to actual ecological systems. For example, the BSC is not 
applicable for asexual organisms (as it relies on sex), and interbreeding is a poor 
indicator of conspecificity given that (i) some good species produce fertile hybrids in 
nature (e.g. Kahilainen et al. 2011) and (ii) reproductive barriers (e.g. assortative 
mating; Engeler & Reyer 2001) can exist between individuals within an 
interbreeding population. 
However, perhaps the biggest issue with the BSC is how to treat geographically 
disjunct taxa. The BSC treats allopatric populations as distinct species (Mayr 1942), 
but widespread hybridisation of native and introduced species (e.g. Perry et al. 2001; 
Barbour et al. 2002; Riley et al. 2003; Pietri et al. 2011; Biedrzycka et al. 2012; 
Tang & Chen 2012; Saltonstall et al. 2014) poses a significant challenge to this 
definition of species. Coyne & Orr (2004) endorsed a revised definition of the BSC 
that describes species as “groups of interbreeding natural populations that are 
reproductively isolated from other such groups” (Mayr 1995). Consequently, 
naturally allopatric taxa are considered distinct species. While this is an improvement 
on the original BSC, it is unclear how this definition might treat taxa whose genetic 
identities have been eroded by ongoing long-term hybridisation. 
A group of species concepts that bypass issues with geography are the phylogenetic 
species concepts (PSCs), which use genetic data to identify species as clusters of 
organisms that are phylogenetically distinct from other clusters and exhibit patterns 
of ancestry and descent (Cracraft 1989). de Queiroz & Donoghue (1988) presented a 
refined PSC that identifies species as the smallest exclusively monophyletic groups, 
and Baum & Donoghue (1995) drew upon coalescent theory to define a species as a 
group of organisms “whose genes coalesce more recently with each other than with 
those of any organisms outside the group” (Coyne & Orr 2004). 
PSCs do not consider the potential to interbreed as a defining feature of species, 
relying instead on the history of interbreeding recorded in DNA sequences, thus 
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avoiding the geographic issues pertaining to the BSC. However, this disregard for 
interbreeding and low intraspecific variation in asexual organisms may lead to 
overestimations of species diversity (oversplitting; Avise 2000). Furthermore, the 
phylogenetic history of genes is not always consistent with the phylogenetic history 
of species (Maddison 1997), and so accurate species delimitation with PSCs may 
require multilocus approaches. 
1.3.1 The DNA barcoding ‘solution’ 
Hebert et al. (2003a) proposed, controversially, that a single fragment of 
mitochondrial DNA (mtDNA; namely, cytochrome c oxidase I, or COI) could be 
used to catalogue all animal life since each species possessed a unique COI 
sequence, or ‘barcode’. DNA barcoding offers a quick and easy means of identifying 
species by matching unknown sequences against a database of sequences from 
described species (Hebert et al. 2003a; Hebert et al. 2003b; Blaxter 2004). 
Furthermore, delimitation of undescribed or cryptic species is achieved by 
identifying the ‘barcoding gap’ – a non-overlapping bimodal distribution of 
intraspecific and interspecific genetic variation (Figure 1.2). 
 
Figure 1.2: The DNA barcoding gap. Plotted here is the theoretical frequency distribution 
of intraspecific (black) and interspecific (grey) genetic distances. The barcoding gap is a 
region of the distribution that falls between the greatest intraspecific distance and the lowest 
interspecific distance. 
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DNA barcoding has undoubtedly increased the rate of species discovery by 
facilitating the identification of previously undetected cryptic diversity in a wide 
range of taxa (e.g. Hebert et al. 2004; Lara et al. 2010; Clare 2011; Saitoh et al. 
2015) with identification rates of individuals often exceeding 90% within some taxa 
(Meyer & Paulay 2005; Kerr et al. 2007). However, the application of DNA 
barcoding to species delimitation and identification has received heavy criticism. 
Although it has been successfully applied to many groups of animals, there is no 
theoretical basis for the barcoding gap (Hickerson et al. 2006; Stoeckle & Thaler 
2014), making it a contentious criterion for identifying species. 
In addition, DNA barcoding fails empirically in some cases. For example, Wiemers 
& Fiedler (2007) and Kvist (2014) showed that the barcoding gap does not exist in 
some butterfly and annelid lineages, respectively. Rubinoff et al. (2006) provide 
comprehensive arguments against the use of mitochondrial genes in isolation for 
DNA barcoding and species discovery, citing small effective population size, 
introgression, lack of recombination, heteroplasmy, and selection on mitochondria 
driven by endosymbiont transmission as confounding factors in the DNA barcoding 
process. 
Similar to the BSC, some of the issues with DNA barcoding relate to geographic 
patterns of genetic diversity. Lack of recombination can lead to the persistence of 
population structure long after the resumption of gene flow between previously 
isolated taxa. For example, Giska et al. (2015) revealed rampant gene flow between 
two deeply divergent mitochondrial lineages of the earthworm Lumbricus rubellus. 
Results such as these undermine the significance of mtDNA divergence and question 
the reliability of DNA barcoding in uncovering and identifying cryptic ‘species’. 
Validating the use of DNA barcoding for species discovery in sympatric taxa can be 
relatively simple: multilocus population genetic studies can easily identify genetic 
exchange between divergent mitochondrial lineages (Bull et al. 2013; Bull & 
Sunnucks 2014; Giska et al. 2015). The task is more difficult for allopatric taxa as 
measures of gene flow are inconsequential due to geographic isolation. In some 
taxonomic groups, laboratory mating trials could address this issue. Gómez et al. 
(2007) validated the species status of allopatric cryptic species of the marine 
bryozoan Celleporella hyaline by showing that they are reproductively isolated in the 
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laboratory. This result somewhat invokes the BSC definition of species as 
reproductively isolated groups. 
For many taxa, however, laboratory mating trials are not feasible. Fig wasps, for 
example, mate only within the confines of the syconium (Zammit & Schwarz 2000), 
and so mate choice cannot be controlled. Furthermore, the short lifespan of adult fig 
wasps (typically 1-2 days) would provide severe logistical challenges for 
experimental crosses between geographically disjunct populations. Consequently, 
while a number of molecular studies have reported cryptic fig wasp species (both in 
sympatry and allopatry), these studies typically lack multilocus estimates of gene 
flow among cryptic species (Molbo et al. 2003; Haine et al. 2006; Moe & Weiblen 
2010; Sun et al. 2011; Chen et al. 2012; Darwell et al. 2014). Consequently, it is not 
known whether cryptic fig wasp species identified using only one or a few barcoding 
genes are actually reproductively isolated. At the very least, tests of gene flow among 
sympatric cryptic fig wasp lineages could provide a yardstick for the initial 
assessment of species status among allopatric lineages, and would go a long way 
towards improving our understanding of diversification within the fig – fig wasp 
system. 
 
1.4 Geographic distribution and species’ responses to climate change 
The discovery of cryptic species affects our understanding of not only evolutionary 
diversification, but also species’ ecology (Bickford et al. 2007; Joly et al. 2014). 
Indeed, the uncovering of cryptic diversity has important biodiversity consequences 
and may necessitate a reassessment of conservation status and a shift in how we 
perceive certain aspects of species interactions; for example, patterns of host 
association, niche partitioning and the structure of food webs (Bickford et al. 2007; 
Joly et al. 2014). Furthermore, the geographic distribution of cryptic species can 
have important implications for thermal adaptation (Stevens 1989; Addo-Bediako et 
al. 2000), which affect species’ resilience to predicted climate change (e.g. Samways 
et al. 1999; Gibson et al. 2010; Lynch et al. 2014). 
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Stevens (1989) showed that, compared to species at lower latitudes, animal species 
occupying higher latitudes generally: (i) have broader latitudinal ranges (Rapoport’s 
Rule) and (ii) experience greater variability in temperatures. The Climate Variability 
Hypothesis (CVH; Stevens 1989) posits that such broad latitudinal ranges are 
achieved by adaptation to a wide range of climatic conditions. In a meta-analysis, 
Addo-Bediako et al. (2000) confirmed that insects at higher latitudes exhibited a 
greater tolerance to a wide range of temperatures, although upper thermal limits 
remained fairly consistent across latitudes. Consequently, small increases in mean 
temperature are likely to have a greater impact on species at low latitudes than on 
those at high latitudes, which currently experience mean temperatures well below 
optimum. Despite the fact that temperate insects are predicted to be less negatively 
affected by increasing temperatures than those in the tropics, climate warming has 
had considerable consequences for pollination in temperate environments. In a 
number of pollination systems, increases in mean temperature have changed the 
timing of plant and insect development, thus reducing temporal overlap of crucial life 
history stages and resulting in decreased frequency of pollination events (e.g. Gordo 
& Sanz 2005; Doi et al. 2008; Kudo & Ida 2013; Kudo 2014). 
Two important aspects of climate change that have received relatively little attention 
are extreme heat and reduced relative humidity. Alarmingly, Simmons et al. (2010) 
reported long-term decreases in relative humidity at low and mid-latitudes, while 
warming trends have been accompanied by increases in extreme heat events (Hughes 
2003; Collins et al. 2013; Steffen 2015). Aseasonal pollination systems may be more 
susceptible to extreme climatic events because they are not reliant on seasonal cues 
for development and pollination. Similarly, generalist pollination systems are 
expected to be less sensitive to increases in mean temperature due to diverse 
pollinator assemblages that act as buffers to environmental change (Brittain et al. 
2013). Despite the adverse effects of decreased relative humidity (Broufas et al. 
2009; Lu & Wu 2011; Tochen et al. 2016) and extreme heat (Mironidis & 
Savopoulou-Soultani 2010; Nyamukondiwa et al. 2013; Jeffs & Leather 2014; Chiu 
et al. 2015; Ma et al. 2015) on insect fitness, very few laboratory studies have 
investigated their combined effects on insect pollinators. Consequently, we do not 
fully understand how temperate insect pollinators may fare in a changing climate. 
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Unlike most plants, figs typically exhibit flowering patterns that are aseasonal or 
only weakly seasonal (Patel 1996; McPherson 2005; Yeo & Tan 2009), and are thus 
less likely than other pollination systems to be affected by phenological mismatches. 
Nevertheless, Harrison (2001) reported local extinction of fig wasps due to drought-
induced breaks in fig flower production in Borneo. Interestingly, pollinators of 
monoecious figs were less affected than pollinators of dioecious figs, possibly 
because the former could recolonise more effectively by long-distance dispersal 
(Harrison 2000). Furthermore, consistent with the CVH, Warren et al. (2010) 
demonstrated that the widespread African fig wasp Ceratosolen arabicus had a 
greater thermal tolerance and desiccation resistance than C. galili, which had a 
smaller geographic range and experiences cooler, more humid conditions. Perhaps 
unsurprisingly, then, laboratory studies have shown that small increases in 
temperature and decreases in humidity can significantly shorten the lifespan of 
tropical fig wasp species (Dunn et al. 2008b; Jevanandam et al. 2013; Wang et al. 
2013).  
While these laboratory studies have highlighted the potential risks that climate 
changes poses to some fig wasp species, many unanswered questions remain. It is not 
yet clear how the predicted increase in frequency of extreme heat events and a 
reduction in humidity might affect fig wasps with strictly temperate distributions. 
This is particularly relevant in Australia, which is predicted to become hotter and 
drier on average, with a greater incidence of extreme weather events (Hughes 2003; 
Steffen 2015). Intuitively, it could be suggested that, relative to tropical species, 
decreases in lifespan would require larger changes in temperature and humidity. 
However, there are no empirical data to support this. Moreover, adult longevity is an 
important factor for the persistence of fig-pollinator populations as both fig and wasp 
reproduction is dependent on female wasp dispersal and location of receptive figs; 
yet no study has explored the effect of increased temperature or reduced humidity on 
any other aspect of fig wasp biology. 
In particular, while it is hypothesised that increasing temperatures may reduce 
pollination potential by reducing the lifespan of pollinators, perhaps more 
importantly, we do not know how high temperatures impact on fig wasp survival 
within the syconium and on rates of emergence. The ability of pollen-bearing female 
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fig wasps to effectively disperse fig pollen is contingent on their successful release 
from the natal fig, which is dependent on the ability of male fig wasps to create exit 
holes through which females can escape. If male fig wasps suffer sub-lethal effects 
due to high temperatures within the natal fig, they may fail to release the females 
(Zammit & Schwarz 2000). Of course, if similar effects are suffered by female fig 
wasps, they may fail to escape the natal fig regardless of whether or not males have 
created exit holes. Regardless, in both cases, ‘ecological death’ (i.e. failure to create 
exit holes) may precede ‘physiological death’ in the sense that female wasps would 
remain trapped within the natal fig and are unable to transport pollen to and 
reproduce within a receptive fig, even though they are no actually dead. While Patiño 
et al. (1994) demonstrated that temperatures inside a fig can exceed ambient 
temperature by up to 8°C, they failed to show what this meant for the pollinators 
themselves. Coupling experiments on fig wasp emergence and field measurements of 
internal fig temperature would provide a clearer picture of the potential impact of 
climate change on fig wasp biology. 
 
1.5 Thesis aims and outline 
The primary aim of this thesis is to explore the evolutionary ecology of fig wasps, 
specifically in relation to the biogeography of host-parasitoid interactions, including 
testing of the general applicability of DNA barcoding in closely-related species under 
different geographic scenarios. As figs represent keystone species in many 
ecosystems, I also investigated the resilience of a temperate fig-pollinating wasp to 
predicted climate change. The four key specific questions that I addressed were: 
1. Do patterns of population genetic structure vary between a fig wasp and its 
associated parasitoid? 
 
2. Is there substantial gene flow among sympatric cryptic species delimited by 
DNA barcoding? 
 
3. Is genetic differentiation sufficient to suggest full species status for allopatric 
populations of a fig wasp that are not delimited as separate species by DNA 
barcoding? 
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4. What are the implications of the increasing frequency of extreme weather 
events for the emergence and longevity of fig wasps in temperate regions 
under predicted climate change? 
This thesis explores the themes of coevolution, DNA barcoding and resilience to 
climate change. Below, I provide a detailed outline of my study system with 
reference to these themes. Each section contains an overview of the individual 
chapters of this thesis, with specific aims and hypotheses interspersed throughout. 
1.5.1 Study system: Port Jackson fig (Ficus rubiginosa) and its associated fig 
wasps 
Ficus rubiginosa (Desf. ex Vent.) is a monoecious actively-pollinated fig species that 
is naturally distributed along most of the east coast of Australia, and up to 200 km 
inland (Dixon et al. 2001). DNA barcoding efforts (Haine et al. 2006; Darwell et al. 
2014) have revealed that F. rubiginosa is pollinated by five species of the 
Pleistodontes imperialis Saunders (Hymenoptera: Agaonidae) complex; referred to 
as P. imperialis sp. 1-5 (Table 1.1; sensu Haine et al. 2006; Darwell et al. 2014). 
These species have partially overlapping geographic ranges and, in many regions, 
multiple species exist in sympatry (Figure 1.3). For example, in Townsville, north 
Queensland, three P. imperialis species coexist at frequencies in excess of 10% 
(Darwell et al. 2014). Interestingly, P. imperialis sp. 1 (Figure 1.5) comprises two 
allopatric populations: a large population in the southern temperate range of F. 
rubiginosa and a small population in the Atherton Tablelands in north Queensland.  
Ficus rubiginosa is also host to over 20 NPFW species (Darwell 2012), representing 
the four functional guilds defined by Segar et al. (2013). Two striking patterns have 
evolved independently in more than one NPFW lineage in this particular system: 
sympatric morphospecies differentiated by ovipositor length (Segar 2011) and 
latitudinal geographic replacement of ecologically similar species (Darwell 2012). 
For example, P. imperialis wasps are attacked by three (small) Sycoscapter 
parasitoids; referred to as Sycoscapter sp. A, B and C (Table 1.1; sensu Moore et al. 
2008). Sycoscapter sp. A has a long ovipositor and is found throughout the wide 
geographic range of F. rubiginosa, while Sycoscapter sp. B and C have short 
ovipositors and occupy largely allopatric (northern and southern) geographic ranges 
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with a small area of overlap around Brisbane (Figure 1.4; Darwell 2012). Table 1.1 
clearly sets out the nomenclature used for cryptic species investigated in this thesis. 
 
Figure 1.3: The distribution and relative frequencies of the five fig-pollinating wasps of 
the Pleistodontes imperialis species complex that pollinate F. rubiginosa. The black 
dotted line denotes the western boundary of the geographic range of F. rubiginosa (Dixon et 
al. 2001). The locations of sampling sites used for the research presented in this thesis are 
shown. Figure modified from Darwell et al. (2014). 
 
Table 1.1: Cryptic fig wasp species nomenclature. 
Species group Trophic role No. recognised species Species designations 
Pleistodontes imperialis Pollinators 5 1, 2, 3, 4, 5 
Sycoscapter spp. Parasitoids 3 A, B, C 
 
The geographic distributions of the fig wasps hosted by F. rubiginosa make this a 
convenient system to address the specific aims of this thesis. Firstly, the existence of 
a widespread parasitoid species (Sycoscapter sp. A), attacking multiple conspecific 
  
19 
 
pollinator populations (i.e. P. imperialis sp. 1), warrants characterisation of 
population genetic structure to ascertain whether or not this situation may be a 
precursor to ecological speciation (Thompson 2005). Secondly, the local coexistence 
of multiple cryptic lineages in Townsville provides an excellent opportunity to assess 
gene flow among cryptic species delimited previously by DNA barcoding. 
Furthermore, allopatric P. imperialis sp. 1 populations facilitate tests of the DNA 
barcoding method in geographically-disjunct populations. Finally, the southern P. 
imperialis sp. 1 population is an ideal candidate for testing the effects of key factors 
associated with climate change (i.e. high temperatures and aridity) on the emergence 
and longevity of a temperate fig wasp, which has important ecosystem implications. 
1.5.2 Host-parasitoid coevolution: a biogeographic investigation 
I identified the interaction between P. imperialis sp. 1 and Sycoscapter sp. A as one 
of particular interest with regard to Thompson’s (2005) ‘geographic mosaic theory’ 
of coevolution (see section 1.2.1), due to the disjunct nature of P. imperialis sp. 1 
populations and the broad range of Sycoscapter sp. A. Furthermore, my initial field 
sampling revealed that Sycoscapter sp. A was the most abundant parasitoid in this 
system and one for which microsatellite markers had previously been developed 
(Bouteiller-Reuter et al. 2009), reinforcing the suitability of studying this particular 
interaction. 
Aim 1: Development of microsatellite markers for P. imperialis sp. 1 
Microsatellites have arguably been the most popular tool in population genetics in 
the past 20 years, due to their ability to detect processes at short temporal and spatial 
scales (Sunnucks 2000). They are extremely useful for identifying not only patterns 
of gene flow among populations, but also the resumption of gene flow between 
historically isolated lineages (Randi 2008). The first aim of my thesis was therefore 
to develop a panel of microsatellite markers that were suitable for P. imperialis sp. 1 
in particular, but that were also applicable to other members of the pollinator species 
complex. 
In Chapter 2, I describe the development and characterisation of nine polymorphic 
microsatellite markers for P. imperialis sp. 1. I demonstrate the utility of these 
markers for population genetic studies in an analysis of samples collected from two 
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localities in southeastern Australia: Sydney and Newcastle (Figure 1.3). Although 
these markers were originally developed using individuals from the southern P. 
imperialis sp. 1 population, I also demonstrate their utility in two other P. imperialis 
species: P. imperialis sp. 2 and 4. Of the nine microsatellite loci, seven and six were 
polymorphic in P. imperialis sp. 2 and 4, respectively. 
 
Figure 1.4: Distributions of (A) Sycoscapter sp. A and (B) Sycoscapter sp. B and C. Inset: 
Sycoscapter Long (A) and short (B) ovipositor morphs. The long ovipositor morph is a 
single species (sp. A), while the short ovipositor morph comprises two species (sp. B and C) 
Figure modified from Darwell (2012). 
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Aim 2: Comparison of population genetic structure of a fig-pollinating wasp and its 
parasitoid 
Having developed microsatellite markers for P. imperialis sp. 1, the second major 
aim of my thesis was to compare the population genetic structure of a fig-pollinating 
wasp (P. imperialis sp. 1) and its parasitoid (Sycoscapter sp. A) to highlight any 
differences that may lead to the formation of geographic mosaics. In this study, 
detailed in Chapter 3, I co-sampled pollinator and parasitoid populations from field 
sites in four regions of New South Wales (Sydney, Newcastle, Port Macquarie and 
Byron Bay) and one region in north Queensland (Atherton Tablelands) (Figure 1.3). 
This sampling regime ensured that matched pollinator and parasitoid samples were 
collected from throughout the entire geographic range of the pollinator. 
This study had two main goals: (i) to contrast patterns of gene flow among pollinator 
and parasitoid populations and, (ii) to assess the relative dispersal ability of the 
parasitoid species. The first goal has implications for the coevolutionary dynamics of 
this interaction; specifically, discordant gene flow between interacting species may 
lead to variation in the outcome of host-parasitoid interactions and, potentially, 
ecological divergence (Thompson 1994, 2005). The second goal is of broader interest 
to improving the understanding of NPFW biology (Compton et al. 2000; Harrison 
2003) and filling a species biology knowledge gap. Fig-pollinating wasps are 
renowned for very long-distance passive dispersal on wind currents (Harrison & 
Rasplus 2006; Ahmed et al. 2009) and broad geographic populations when host plant 
distribution is sufficiently continuous (Kobmoo et al. 2010), but very little is known 
about NPFW dispersal. Given that pollinators and NPFWs colonising the same fig 
species have been shown to have similar flight heights (Compton et al. 2000; 
Harrison 2003), it might be expected that they too are capable of long-distance 
dispersal. I therefore predicted that the pollinating wasp P. imperialis sp. 1 would 
exhibit weak genetic structure in the large southern population, but would be highly 
structured between the disjunct southern and northern populations. In contrast, I 
hypothesised that the parasitoid Sycoscapter sp. A would exhibit weak genetic 
structure throughout its wide, more or less continuous, geographic range (Figure 1.4). 
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Figure 1.5: Pleistodontes imperialis sp. 1 (bottom) and Sycoscapter sp. A (top). 
 
1.5.3 Assessment of DNA barcoding in sympatric and allopatric lineages 
Chapter 3 confirmed my hypothesis of large genetic differentiation of allopatric 
pollinator populations. This raised questions about the reliability of DNA barcodes as 
indicators of species status, because Darwell et al. (2014) concluded that these 
populations were the same species. While tests of gene flow between these widely 
separated populations are practically impossible due to the intricate biology of the 
fig/pollinator interaction, the local coexistence of multiple P. imperialis lineages 
provides an ideal opportunity to quantify genetic exchange between barcoding 
lineages in this system. 
Aim 3: Testing the reliability of DNA barcoding methods for fig wasps 
In Chapters 4 and 5, I address the third aim of this thesis: to explore the reliability of 
DNA barcoding for sympatric and allopatric P. imperialis lineages. In Chapter 4, I 
describe a study to test the validity of DNA barcoding in sympatric P. imperialis 
lineages using the microsatellite markers developed in Chapter 2. I chose to conduct 
field sampling in Townsville, north Queensland, because three P. imperialis species 
(P. imperialis sp. 2, 3 and 4) coexist in this region at relatively high frequencies 
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(Figure 1.3). The purpose of this study was to estimate the proportion of figs that 
contained broods from multiple fig wasp lineages, quantify gene flow between 
mtDNA lineages of P. imperialis, and conduct tests for genetic signals of population 
expansion that are generally characteristic of hybrid zones. I hypothesised that gene 
flow and hybridisation between lineages would be rare due to a fairly low, but not 
trivial, proportion of figs containing more than one P. imperialis lineage. 
In Chapter 5, I revisited the P. imperialis sp. 1 populations investigated in Chapter 3, 
which are considered conspecific based on DNA barcoding (Darwell et al. 2014), but 
exhibit very high levels of divergence at microsatellite loci. The difficulties in 
delimiting allopatric taxa are well-known (Coyne & Orr 2004; Lukhtanov et al. 
2015), but rarely studied. In this chapter, I scaled the genetic divergence of allopatric 
P. imperialis sp. 1 populations with reference to P. imperialis sp. 2 using 
mitochondrial and nuclear DNA sequences and microsatellites. I hypothesised that P. 
imperialis sp. 1 populations would exhibit patterns of genetic differentiation 
consistent with an incipient speciation process: very low (if any) divergence based on 
nuclear DNA sequences, moderate mtDNA divergence and very high microsatellite 
divergence. 
 
1.5.4 The effect of climate change on temperate fig wasps 
During field collections in January 2013, I observed widespread heat-induced 
population knockdown of fig wasp populations throughout the Greater Sydney 
region. On two separate days temperatures exceeded 40°C in Sydney, including the 
hottest day on record, when temperatures exceeded 46°C (Bureau of Meteorology 
2016). These extreme events were also likely contributors to the collapse of other 
insect populations (e.g. psyllids; Hall et al. 2015). Following these events, I was 
unable to recover any live pollinators from ripe F. rubiginosa figs for over two 
months, despite intensive sampling. This raised the question of how extreme weather 
events, such as high temperatures and aridity, affect the survival of fig wasps, both 
inside and outside the natal fig. This has important implications for their dispersal 
potential, which is crucial to the persistence of pollinator populations. This is 
particularly significant for pollinators of monoecious figs, as the sparse distribution 
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of trees in monoecious fig populations often necessitates the long-distance dispersal 
of pollinators (Chapter 3 of this thesis; Ahmed et al. 2009; Kobmoo et al. 2010). 
Aim 4: Assessing the implications of extreme weather events on a temperate fig-
pollinating wasp species 
I subsequently expanded the aims of my thesis to address the pertinent and very 
pressing issue of climate change. In Chapter 6, I depart from the molecular methods 
employed in earlier chapters for an exploration of the resilience of temperate fig 
wasp species to climate change. Numerous studies have demonstrated the sensitivity 
of tropical fig wasp species to small climatic changes (Dunn et al. 2008b; 
Jevanandam et al. 2013; Wang et al. 2013), yet there have been no studies of this 
kind on temperate fig wasps. Furthermore, while previous studies measured adult 
longevity in response to changes in temperature and humidity, they failed to address 
another important aspect of fig wasp biology: emergence from the natal fig. 
The final aim of my thesis was to assess the impact of extreme weather events on 
different aspects of the biology of a temperate fig-pollinating wasp species. To 
address this, I tested the effects of (i) increased temperature on the emergence of 
wasps from the natal fig, and (ii) different temperature × humidity regimes on adult 
pollinator longevity. Specifically, I wanted to identify critical temperatures that cause 
widespread mortality in temperate fig wasp populations. Moreover, I took field 
measurements of internal fig temperatures to estimate the potential danger for wasps 
inside sun-exposed figs relative to wasps in shade-protected figs. I used the southern 
P. imperialis sp. 1 population to address these aims as it is the only population in this 
complex that is found exclusively in temperate southeastern Australia. 
I hypothesised that (i) wasp emergence would increase with temperature, before 
dropping sharply at a critical temperature, (ii) adult longevity would decrease at 
extreme temperatures (i.e. >5°C above summer mean maximum temperature), (iii) 
decreases in humidity would cause further significant reductions in adult longevity, 
and (iv) sun-exposed figs would experience significantly higher internal temperatures 
than shade-protected figs. Reduced longevity presumably leads to a reduced dispersal 
potential, and under extreme conditions, the failure of pollinators to locate and 
pollinate receptive figs may lead to the local collapse of this pollination system 
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(Harrison 2000), which potentially has massive implications for the ecosystems it 
supports. 
 
1.6 Conclusion 
Following the experimental chapters contained herein, the final chapter of my thesis 
provides a brief overview of the major findings of my research. Importantly, I 
discuss the implications of these findings for our understanding of fig wasp 
evolutionary ecology. Finally, I address the limitations of this study and outline areas 
of research that deserve attention in the future.  
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Chapter 2 
Characterisation of microsatellite 
markers for fig-pollinating wasps 
in the Pleistodontes imperialis 
species complex 
 
2.  
Sutton, TL, Riegler, M and Cook, JM (2015) Characterisation of microsatellite 
markers for fig-pollinating wasps in the Pleistodontes imperialis species complex. 
Australian Journal of Zoology, 63(2), 122-126. 
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2.1 Abstract 
We characterised a set of nine polymorphic microsatellite loci for Pleistodontes 
imperialis sp. 1, the pollinator wasp of Port Jackson fig (Ficus rubiginosa) in south-
eastern Australia. Characterisation was performed on 30 female individuals collected 
from a population in Sydney, Australia. The average number of alleles per locus was 
7.33, and eight loci were not in Hardy–Weinberg equilibrium. This was expected as 
fig wasps are known to be highly inbred. A test of genetic differentiation between 
two natural populations of P. imperialis sp. 1 (Sydney and Newcastle, Australia – 
some 120 km apart) yielded a very low FST value of 0.012, suggesting considerable 
gene flow. Bayesian clustering analysis using TESS 2.3.1, which does not assume 
Hardy–Weinberg equilibrium, however, indicated potential spatial substructuring 
between the Sydney and Newcastle populations, as well as within the Sydney 
population. The described loci were also characterised for two other species in the P. 
imperialis complex: P. imperialis sp. 2 (Townsville, Australia) and P. imperialis sp. 
4 (Brisbane, Australia). Seven and six of the nine loci were polymorphic for P. 
imperialis sp. 2 and P. imperialis sp. 4, respectively.  
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2.2 Introduction 
The Port Jackson fig (Ficus rubiginosa) is a monoecious species with a natural 
distribution spanning Australia’s east coast, from Cape York in the north to Eden in 
the south (Dixon et al. 2001). Pleistodontes imperialis Saunders is the formally 
described pollinating wasp of F. rubiginosa (Lopez-Vaamonde et al. 2002). 
Extensive DNA barcoding efforts, using mitochondrial and nuclear DNA loci, have 
recently found that P. imperialis actually comprises five cryptic species with 
partially overlapping geographic ranges (Haine et al. 2006; Darwell et al. 2014).This 
system therefore provides excellent opportunities to explore the ecological and 
evolutionary dynamics of the fig/pollinator symbiosis, including the impact of 
different pollinator species. Consequently, there is a strong motivation to develop 
wasp microsatellite markers to explore population level interactions and infer 
patterns of dispersal. Such tools have previously been utilised for studies of fig wasp 
species in other genera from Africa and Asia (Molbo et al. 2004; Lin et al. 2008; 
Greeff et al. 2009; Kobmoo et al. 2010). 
 
2.3 Methods, results and discussion 
Using DNA from 20 individuals of P. imperialis sp. 1 collected from a single fig in 
Melbourne, Australia, we created a DNA library enriched for dinucleotide 
microsatellites (GA and CA repeats) following the double-enrichment method 
described in Hale et al. (2002). Two microlitres of the double-enriched library were 
transformed into 100 µL QAComp-C01 competent cells (Qbiogene) and plated onto 
Luria-Bertani agar plates containing 50µg/mL ampicillin. Plasmids from individual 
colonies were prepared using a QIAprep
®
 Spin Miniprep Kit (Qiagen). Plasmid 
inserts were then sequenced using BigDye Terminator Cycle Sequencing chemistry 
(Applied Biosystems) and sequences were detected on an ABI 310 Prism
®
 genetic 
analyser. Forty clones were sequenced, of which eleven contained a microsatellite 
with ten or more repeats. PCR primers were designed from the flanking sequences of 
each microsatellite locus using the Primer3 program (Koressaar & Remm 2007; 
Untergasser et al. 2012) (Table 2.1). These eleven loci were screened for 
polymorphism in 30 Pleistodontes imperialis sp. 1 wasps (sensu Haine et al. 2006) 
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collected in Sydney (Australia). To maximise independence of samples, only a single 
female wasp was collected from any one fig fruit, and 1-4 fig fruits were sampled per 
tree. The Sydney population comprised samples from 15 trees that were between 10 
m and 40 km apart. 
We extracted DNA from whole female insects in 100 l of extraction solution (5% 
Chelex, 0.01% proteinase K), incubated at 56°C for 35 min then at 96°C for 15 min, 
vortexed briefly and centrifuged for 5 min at 3500 rpm. We used 15 µL PCR 
reactions containing 1x Taq buffer, 2.5 mM MgCl2, 0.2 mM each dNTP, 0.33 M 
each primer, 0.6 U Taq DNA polymerase (Promega), with 1 µL template DNA. 
Thermal cycling conditions were 95ºC for 12 min, 10 cycles of 94ºC for 15 s, 
annealing temperature (Ta) (C) for 15 s (Table 2.1), 72ºC for 15 s, followed by 30 
cycles of 89°C for 15 s, Ta (°C) for 15 s, 72°C for 15 s, and a final extension of 72ºC 
for 10 min. Forward PCR primers were fluorescent-labelled with HEX, NED and 6-
FAM dyes (Table 2.1) and detected on an ABI 3700 genetic analyser with LIZ600 
internal size standard. Fragments were analysed and sized using GeneMapper

 
Software v4.1 (Applied Biosystems). PCR amplification of two loci did not reliably 
yield products, but the remaining nine amplified well and were polymorphic (Table 
2.1). 
We used ARLEQUIN v3.5 (Excoffier & Lischer 2010) to test for deviation from 
Hardy-Weinberg equilibrium (HWE), and to test for linkage disequilibrium among 
loci followed by correction for multiple testing using the False Discovery Rate 
(FDR) (Benjamini & Hochberg 1995). Observed (HO) and expected (HE) 
heterozygosity were calculated in ARLEQUIN v.3.5 (Excoffier & Lischer 2010), and 
we used MICRO-CHECKER v.2.2.3 (van Oosterhout et al. 2004) to test for the 
presence of null alleles. F-statistics were estimated in FSTAT (Goudet 1995). 
The number of alleles ranged from 4 to 11, with an average of 7.33 per locus (Table 
2.1). Eight loci were not in HWE, but this was expected because fig-pollinating 
wasps are well known for high levels of sib-mating (e.g. Molbo et al. 2004). 
Following correction for FDR, all loci were found to be inherited independently (P > 
0.02). Observed heterozygosity of loci ranged from 0.167 to 0.567, with an average 
of 0.422. Seven of the nine loci were suggested to have null alleles due to 
homozygote excess (Table 2.1). However, a more likely explanation of homozygote 
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excess in this case is inbreeding as the median number of foundresses entering F. 
rubiginosa figs is only two (J.M. Cook, unpublished data). Unfortunately, in most 
fig-pollinating wasps, it is not possible to confirm this by genotyping both mother 
and offspring because once a mother enters a fig to lay eggs and pollinate she does 
not leave it. By the time the offspring have developed, several weeks later (Xiao et 
al. 2008), the body of the mother has decomposed and disintegrated (Cook & Power 
1996). 
We estimated diversity between two natural populations of P. imperialis sp. 1 
separated by approximately 120 km; Sydney (N = 30) and Newcastle (N = 30) 
(Australia) (Table 2.2). The Newcastle population comprised samples from 14 trees 
separated by distances of 10 m to 10 km. A single wasp was collected from each fig 
fruit, with 1-5 fig fruits sampled per tree. Overall allelic diversity was similar 
between the Sydney (NA = 69) and the Newcastle (NA = 63) population, although 
number of alleles differed between loci. Eight and six loci were not in HWE for the 
Sydney and the Newcastle population, respectively, five of which were common 
between both populations (Table 2.2). The larger number of loci not in HWE for the 
Sydney population could be due to the pooling of individuals from sites separated by 
approximately 40 km, but this requires further study. There were private alleles for 
six and four loci for the Sydney and the Newcastle population, respectively. FST was 
very low (0.012) indicating little genetic differentiation between the two populations. 
Such FST values are typical within breeding fig wasp populations. For example, FST 
values for Ceratosolen fusciceps, the pollinator of Ficus racemosa, ranged from 
0.001 to 0.039 in south-east Asia (Kobmoo et al. 2010). High values of  FIS (0.344) 
and FIT (0.352) were expected as few females lay eggs within each fig, and mating 
between siblings is therefore very common (Hamilton 1979; Cook & West 2005). 
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Table 2.1: Characteristics of nine microsatellite loci for 30 Pleistodontes imperialis sp. 1 from a population in Sydney (Australia). 
Locus Primer Sequence (5’-3’) 
Repeat 
motif 
Dye Product size range (bp)  Ta (°C) NA HO HE   
Pli2 
F: AACCAGCGCGTATGTTTCTC 
(AG)11 6-FAM 260-266 52 4 0.367 0.55 NS 
R: TTGGAACTTCGTCGTCTCG 
Pli3 
F: CGCATCAAGCTGCAGAAAAG 
(CT)13 HEX 98-110 52 7 0.4 0.666 * 
R: TATAGTGCGCTGCCAAACTG 
Pli4 
F: TTCTCCCTTGCAAACGATTC 
(AG)13 HEX 255-263 58 5 0.433 0.555 NS 
R: CCGAATTCACCAGTTTTTGG 
Pli5 
F: AGCGCATTTTCCTCTCACTC 
(CT)18 HEX 118-138 52 10 0.567 0.87 * 
R: GCTCGCTAATCCAGTTCACC 
Pli6 
F: CGTAATTAGCAGGCGATTCC 
(CT)11 NED 219-241 52 8 0.4 0.811 * 
R: ATAAACGCAAACGACGTTCC 
Pli7 
F: CTGCGTGTCTCGGTTTCTTC 
(CT)10 HEX 190-232 52 7 0.167 0.587 * 
R: AGCGGAGGGTTTTAATTTCG 
Pli8 
F: GCGCAACGCAAAAGTAAGTC 
(CT)12 6-FAM 174-194 58 11 0.6 0.907 * 
R: GTGCAGCTGTTAAGCTTTCG 
Pli10 
F: CAACACAAACGATGATGACG 
(CT)14 6-FAM 130-150 58 8 0.467 0.793 * 
R: GCCGCGAAGATAAAGATGG 
Pli11 
F: CGATACTACCTCGTGAAGCTG 
(CT)10 6-FAM 215-227 50 6 0.4 0.618 NS 
R: CGTTTTAATCTCGTAGGCGTATC 
 DNA sequences deposited in Genbank with accession numbers KM229708 - KM229716; Locus name (bold indicates potential presence of null alleles); F, forward primer 
(bold denotes fluorescent-labelled primer); R, reverse primer; bp, base pairs; Ta, annealing temperature; NA, number of alleles; HO, observed heterozygosity; HE, expected 
heterozygosity; asterisk denotes significant deviation from Hardy-Weinberg equilibrium (P < 0.05) (NS: non significant). 
  
32 
 
Table 2.2: Genetic diversity of two Pleistodontes imperialis sp. 1 populations at nine 
microsatellite loci. 
  Sydney (N = 30)     Newcastle (N = 30)   
Locus NA NP HO/HE   NA NP HO/HE 
Pli2 7 0 0.37/0.55 
 
4 0 0.33/0.57* 
Pli3 7 1 0.40/0.67* 
 
6 0 0.53/0.65 
Pli4 5 0 0.43/0.56 
 
5 0 0.40/0.63 
Pli5 10 2 0.57/0.87* 
 
12 4 0.70/0.89 
Pli6 8 2 0.40/0.81* 
 
7 1 0.47/0.68 
Pli7 4 2 0.17/0.59* 
 
2 0 0.10/0.35* 
Pli8 11 0 0.60/0.91* 
 
14 3 0.73/0.92* 
Pli10 11 4 0.47/0.79* 
 
8 1 0.60/0.64 
Pli11 6 1 0.40/0.62   5 0 0.30/0.38 
NA, number of alleles; NP, number of private alleles; HO, observed heterozygosity; HE, expected 
heterozygosity; asterisk denotes statistically-significant deviation from Hardy-Weinberg equilibrium 
(P < 0.05); F-statistics measured across both populations and all loci in FSTAT. 
 
We also analysed these data within the Bayesian framework of TESS v.2.3.1 (Chen 
et al. (2007) to test for genetic clustering in our data. TESS does not require loci to 
be in HWE and utilises individual spatial coordinates without assuming predefined 
populations. It uses Voronoi tessellation to link individuals, creating a 
‘neighbourhood system’ that can be modified by the user to reflect realistic barriers 
to gene flow. Due to suspected long distance dispersal in fig-pollinating wasps 
(Ahmed et al. 2009), we modified the neighbourhood system so that all individuals 
were linked. Like other Bayesian clustering methods, TESS is used to estimate the 
number of genetic clusters in a dataset and the genetic make-up of each individual in 
the dataset. 
We implemented an admixture model (Durand et al. 2009) and ran 50 iterations for 
Kmax (maximum number of genetic clusters, K) values ranging from two to seven. 
Each run consisted of 60,000 sweeps with a burn-in period of 10,000. The most 
likely value of K was determined as the point at which the deviance information 
criterion (DIC) curve inflected upward when plotted against Kmax. The admixture 
coefficients of the 20 runs with the lowest DIC for K values 2 to 4 were averaged 
using the Greedy algorithm in CLUMPP v.1.1.2 (Jakobsson & Rosenberg 2007) and 
visualised with DISTRUCT v.1.1 (Rosenberg 2004). 
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The most likely value of K was determined to be four (Figure 2.1). Despite this, the 
bar plot for K = 2 (Figure 2.2a) was more informative than the plots for both K = 4 
(Figure 2.2c) and K = 3 (Figure 2.2b). There is some evidence of differentiation 
between the Sydney and Newcastle populations (Figure 2.2a), as a higher proportion 
of individuals within the Sydney sites (particularly Penrith) were primarily assigned 
to the darker of the two genetic clusters. The incidences of private alleles between 
populations further suggest the possibility of differentiation between populations. 
Previous studies have shown that pollinating wasps from other monoecious fig 
species form large populations and are capable of long-distance dispersal (Ahmed et 
al. 2009; Kobmoo et al. 2010). Results here suggest that more complex spatial 
structuring could potentially occur at small scales (i.e. within the Sydney region). 
However, a more exhaustive sampling approach is required to confirm these patterns 
and uncover geographic structure across the wider range of P. imperialis sp. 1. 
 
 
 
Figure 2.1: Deviance information criterion (DIC) as a function of Kmax. The DIC curve 
should stabilise, or vary slightly, close to the correct K value (Chen et al. 2007). Optimal K 
in this figure is 3. 
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To test for cross-species utilisation of the nine described loci, we screened 11 female 
wasps from each of two other species in the P. imperialis species complex; P. 
imperialis sp. 2 wasps from Townsville (Australia) and P. imperialis sp. 4 wasps 
from Brisbane (Australia). PCR amplification was performed under the same 
conditions as for P. imperialis sp. 1 (Table 2.1). PCR tests for all loci reliably 
produced products, although two loci were monomorphic in P. imperialis sp. 2 and 
three loci were monomorphic in P. imperialis sp. 4 (Table 2.3). Overall allelic 
diversity was higher in P. imperialis sp. 2 (NA = 48) than species 4 (NA = 31). There 
were private alleles for all loci, and some loci were not in HWE (Table 2.3). 
Potential null alleles were detected in four and three loci for P. imperialis sp. 2 and 
sp. 4, respectively. 
 
 
Figure 2.2: TESS bar plot for K = 2 (a), K = 3 (b) and K = 4 (c). Each vertical line 
represents an individual and its assignment to each of the genetic clusters (denoted by 
different shades). 
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Deviation from HWE and the suggestion of null alleles in microsatellite loci is 
common and expected in fig wasps (Zavodna et al. 2002; Lin et al. 2007; Hao et al. 
2008; Katabuchi et al. 2008; Liu et al. 2009; Kobmoo et al. 2010; Tian et al. 2011; 
Kusumi & Su 2014; Wang et al. 2014) due to the unique ecology of fig – pollinator 
interactions. Fig flowers are encased in an enclosed inflorescence (syconium), which 
is receptive for only a few days in the early stages of development. Pollen-bearing 
females enter the syconium through a narrow passageway (ostiole) which closes at 
the end of the receptive phase. Due to time (and often, space) constraints, it is 
common for only one or two foundresses to enter a syconium (Cook & West 2005). 
As mating takes place within the natal syconium, sib-mating is very common, 
resulting in homozygote excess at many loci. 
 
2.4 Conclusion 
These are the first microsatellite markers developed for fig wasp species within the 
Australasian Pleistodontes genus, and will facilitate future studies of population 
genetics in members of the P. imperialis species complex. Such tools have great 
scope to improve the use of fig wasps as a model system for studies of both 
insect/plant coevolution and mating systems (Herre et al. 1997). 
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Table 2.3: Characteristics of nine microsatellite loci for Pleistodontes imperialis sp. 2 (N = 11) and Pleistodontes imperialis sp. 4 (N = 11). 
  Locus Product size range (bp)  NA HO HE   
P. imperialis sp. 2 Pli2 276-282 4 0.091 0.767 * 
(N = 11) Pli3 106-118 6 0.727 0.823 NS 
 
Pli4 251-291 9 0.545 0.857 * 
 
Pli5 116-120 3 0.273 0.515 NS 
 
Pli6 209-249 9 0.364 0.905 * 
 
Pli7 196-200 3 0.364 0.537 NS 
 
Pli8 174-208 12 0.727 0.931 * 
 
Pli10 126 1 ND ND 
 
 
Pli11 215 1 ND ND 
 P. imperialis sp. 4 Pli2 264-266 2 0.091 0.091 NS 
(N = 11) Pli3 116-118 2 0.091 0.236 NS 
 
Pli4 261-271 5 0.364 0.64 * 
 
Pli5 118-128 5 0.636 0.64 NS 
 
Pli6 189 1 ND ND 
 
 
Pli7 196-202 4 0.364 0.706 NS 
 
Pli8 174-202 10 0.182 0.868 * 
 
Pli10 120 1 ND ND 
   Pli11 217 1 ND ND   
Locus name (bold indicates potential presence of null alleles) bp, base pairs; NA, number of alleles, HO, observed heterozygosity; HE, expected heterozygosity; asterisk denotes 
significant deviation from Hardy-Weinberg equilibrium (P < 0.05) (NS: non significant); ND: test not done due to monomorphism. 
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Chapter 3 
Comparative population genetic 
structure in a fig-pollinating wasp 
and its main parasitoid 
3.  
 
Sutton, TL, Riegler, M and Cook, JM (2016) One step ahead: a parasitoid disperses 
farther and forms a wider geographic population than its fig wasp host. Molecular 
Ecology, 25(4), 882-894.  
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3.1 Abstract 
The structure of populations across landscapes influences the dynamics of their 
interactions with other species. Understanding the geographic structure of 
populations can thus shed light on the potential for interacting species to coevolve. 
Host-parasitoid interactions are widespread in nature, and also represent a significant 
force in the evolution of plant-insect interactions. However, there have been few 
comparisons of population structure between an insect host and its parasitoid. We 
used microsatellite markers to analyse the population genetic structure of 
Pleistodontes imperialis sp. 1, a fig-pollinating wasp of Port Jackson fig (Ficus 
rubiginosa), and its main parasitoid, Sycoscapter sp. A, in eastern Australia. Besides 
exploring this host-parasitoid system, our study also constitutes, to our knowledge, 
the first study of population structure in a non-pollinating fig wasp species. We 
collected matched samples of pollinators and parasitoids at several sites in two 
regions separated by up to 2,000 km. We found that pollinators occupying the two 
regions represent distinct populations, but, in contrast, parasitoids formed a single 
population across the wide geographic range sampled. We observed genetic isolation 
by distance for each species, but found consistently lower FST and RST values 
between sites for parasitoids compared with pollinators. Previous studies have 
indicated that pollinators of monoecious figs can disperse over very long distances, 
and we provide the first genetic evidence that their parasitoids may disperse as far, if 
not farther. The contrasting geographic population structures of host and parasitoid 
highlight the potential for geographic mosaics in this important symbiotic system.  
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3.2 Introduction 
Thompson (1994) argued that coevolution due to interactions between species is a 
major driving force of evolution, and emphasised that the spatial distributions of 
interacting species affect the direction and strength of coevolution. Interacting 
species (e.g. hosts and parasites) may have different patterns of gene flow, and 
selection may favour different traits in different geographic locations (Thompson 
2005). Such patterns may allow, for example, disconnected host populations to 
evolve independently in response to a common parasite population, thus producing 
mixed outcomes for the interaction across landscapes (geographic mosaics) (e.g. 
Kraaijeveld & van Alphen 1995; Thompson & Cunningham 2002; Gómez et al. 
2009b). Knowledge of the genetic structure of interacting species can therefore help 
us to understand how gene flow influences, or could influence, trait coevolution 
across landscapes. 
Interactions between plants and insects have played an enormous role in shaping 
extant global terrestrial biodiversity. For example, coevolution with insects is 
thought to have played a major role in the radiation of the angiosperms (Regal 1977; 
Mulcahy 1979), which, in turn, form the base of food webs in many terrestrial 
ecosystems. At a higher trophic level, parasitoid wasps (Hymenoptera) regulate 
many insect herbivore populations, and apply important top-down selection pressures 
on plant-insect interactions (Godfray 1994). Contrasting gene flow patterns for 
species involved in antagonistic interactions may affect the coevolutionary process 
by allowing adaptive traits to evolve in genetically isolated populations (e.g. Chaves-
Campos et al. 2011).  
The influence of host specificity on the genetic structure of insect herbivore 
populations appears inconsistent (Nason et al. 2002; Ruiz-Montoya et al. 2003; 
Downey & Nice 2011; Kohnen et al. 2011). Similarly, host insect specificity is 
generally not a good indicator of the genetic structure of parasitoid populations, and 
the influence of herbivore host-races on parasitoid population differentiation varies 
between systems (Vaughn & Antolin 1998; Jourdie et al. 2010). Furthermore, 
different parasitoid species feeding on the same host may exhibit markedly different 
patterns of genetic structure (Kankare et al. 2005).  
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The few direct population genetic comparisons of host and parasitoid species to date 
have revealed complex patterns of geographic structure (Althoff & Thompson 1999), 
vastly discordant responses to habitat fragmentation (Anton et al. 2007), but also, in 
some other cases, evidence of host-tracking (Johannesen & Seitz 2003; Nyabuga et 
al. 2012; Stone et al. 2012; Gebiola et al. 2014). Some parasitoid populations exhibit 
patterns of genetic structure consistent with multiple processes of ecological sorting, 
including host-tracking, introduction and host-shifts (Hayward & Stone 2006; 
Nicholls et al. 2010a). Extreme variation in genetic structure within and between 
host-parasitoid systems likely results from differences in aspects of parasitoid 
biology and the extent of anthropogenic disturbances, and evolutionary outcomes 
will likely vary geographically between different host-parasitoid interactions. 
Figs (Ficus, Moraceae) share an obligate mutualism with their pollinating wasps 
(Hymenoptera: Agaonidae). This system is well-known for extreme levels of 
reciprocal partner specificity; however, numerous cases of pollinator sharing, co-
pollination (multiple pollinators on a single host) and more or less cryptic fig wasp 
species have been discovered (Ramírez 1970; Molbo et al. 2003; Haine et al. 2006; 
Moe & Weiblen 2010; Lin et al. 2011; Sun et al. 2011; Cornille et al. 2012; Darwell 
et al. 2014; Liu et al. 2015a), suggesting a pervasive role for geographic mosaics in 
the evolution of fig – pollinator interactions. The fig – pollinator mutualism is 
exploited by diverse non-pollinating fig wasps (NPFWs), which do not pollinate fig 
flowers and have direct (parasitism) or indirect (competition) negative effects on the 
survival of the pollinator wasps (Bronstein 1991; West & Herre 1994; West et al. 
1996; Yu 2001; Segar & Cook 2012). However, despite several studies of the genetic 
structure of pollinator populations (e.g. Molbo et al. 2004; Kobmoo et al. 2010; Liu 
et al. 2013), no study to date has investigated the genetic structure of NPFW 
populations. 
Port Jackson fig (Ficus rubiginosa Desf. ex Vent.) is a monoecious species with a 
continuous distribution along most of the east coast of Australia (Dixon et al. 2001). 
Molecular barcoding of both nuclear and mitochondrial genes has revealed that F. 
rubiginosa is pollinated by five more or less cryptic species that form the 
Pleistodontes imperialis Saunders species complex (Haine et al. 2006; Darwell et al. 
2014). Curiously, P. imperialis sp. 1 (sensu Haine et al. 2006) is common in two 
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disjunct regions (New South Wales and northern Queensland), separated by a stretch 
of approximately 1,500 km where the four other species of the P. imperialis complex 
are found (Figure 3.1) (Darwell et al. 2014). Wasps of the P. imperialis species 
complex are parasitised by wasps of the genus Sycoscapter Saunders (Hymenoptera: 
Pteromalidae) (Segar et al. 2014), but only one of these (Sycoscapter sp. A) is 
common throughout the wide geographic range of F. rubiginosa (Darwell 2012). 
We investigated the population genetic structure of the pollinator, P. imperialis sp. 1, 
and its parasitoid, Sycoscapter sp. A, by co-sampling the two insect species across 
most of the geographic range of their shared host plant. Some pollinating wasps of 
monoecious figs are capable of very long-distance dispersal (Ahmed et al. 2009), and 
some form geographically broad populations at the landscape level, in the absence of 
geographic barriers (Kobmoo et al. 2010). Evidence suggests that the flight heights 
of NPFWs are similar to those of pollinators colonising the same species of fig 
(Compton et al. 2000; Harrison 2003), so there is reason to believe that parasitoids 
attacking pollinators of monoecious figs are also capable of long-distance dispersal, 
but this has not been tested. Furthermore, monoecious fig trees typically occur at low 
densities, which may necessitate long-distance dispersal for pollinators and 
parasitoids alike. Consequently, we predicted that the pollinators would exhibit weak 
genetic structure between sites within the large southern region, but high levels of 
differentiation between the spatially disjunct northern and southern regions, with 
lower genetic diversity in the smaller northern region. For the parasitoids, we 
predicted weak genetic structure across the entire sampled range due to their 
suspected high dispersal ability and apparently continuous geographic distribution 
along Australia’s east coast. 
 
3.3 Materials and methods 
3.3.1 Fig wasp biology 
Figs and their pollinating wasps are completely dependent on each other for 
reproduction. Pollen-bearing female wasps locate receptive figs (syconia) via 
detection of species-specific volatile emissions. The female wasp (foundress) then 
enters the receptive fig through a narrow opening called the ostiole, which closes 
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after the receptive phase. The receptive phase lasts about 3-6 days in F. rubiginosa 
(Xiao et al. 2008).  Inside the fig, the foundress pollinates fig ovules, a service that is 
performed actively or passively, depending on species. A single egg is also deposited 
into some fig ovules. This initiates the formation of a gall in which the developing 
larva feeds on the fig seed. 
Foundresses die within the fig soon after pollination. Some six-to-eight weeks later 
(Harrison 2005; Xiao et al. 2008), males exit their galls and chew holes into galls 
containing females through which to mate. After mating, males chew exit holes 
through the fig wall and females collect pollen on their bodies (passively) or by 
inserting it into special pollen pockets (actively, as in our study species). Males die 
within their natal figs and the pollen-bearing females exit in search of receptive figs 
in which to lay eggs. The number of foundresses that enter a receptive fig is 
generally very low (modal foundress number in F. rubiginosa is two; J.M. Cook, 
unpublished data), and sib-mating is therefore very common in fig wasps. 
The biology of NPFWs is poorly-understood (Cook & Segar 2010). In most species, 
females do not enter the fig to lay eggs. Instead, females have long ovipositors, 
which are used to drill through the fig wall to lay their eggs inside. The length of the 
ovipositor varies between species and has been linked to the stage of fig development 
at which different NPFW species lay eggs (Ghara et al. 2011). Little is known about 
foundress number in NPFWs, but in some species (including Sycoscapter spp.; J.M. 
Cook, personal observation) several females have been observed probing a single fig 
simultaneously, so inbreeding is probably less common than in pollinators. 
 
3.3.2 Sample collection 
Pleistodontes imperialis sp. 1 (henceforth ‘pollinator’) and Sycoscapter sp. A 
(henceforth ‘parasitoid’) were co-sampled during field trips between March 2012 and 
August 2014 from both the southern and northern regions where the pollinator is 
found. To avoid confusion over the term “population” (which we reserve for 
reference to inferred biological populations), we refer to the two levels in our 
sampling hierarchy as ‘regions’ and ‘sites’. The southern region comprised four sites 
in New South Wales (Sydney, Newcastle, Port Macquarie and Byron Bay) and the 
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northern region comprised a single site in Queensland (Atherton Tablelands) (Figure 
3.1). For the Atherton site, where other pollinator species also occur on the same host 
plant, thus reducing sampling efficiency, we also used a small number of insects 
collected during field trips in 2005 and 2007. Samples collected across different 
years were pooled for analysis.  
 
 
Figure 3.1: Geographic distribution of sampled sites. The dotted line denotes the 
geographic range of F. rubiginosa and Sycoscapter sp. A (adapted from Dixon et al. 2001), 
and white hatching denotes the range of P. imperialis sp. 1. Letters in the inset represent 
sampled sites:  (A) Sydney, (B) Newcastle, (C) Port Macquarie, (D) Byron Bay, and (E) 
Atherton. Circles represent the location of sampled trees. N (trees) and N (wasps) are 
detailed in Table 1. 
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Within sites, distance between trees typically ranged from 10 m to 30 km, but some 
trees in the Port Macquarie site were separated by up to 120 km. Near-ripe figs, from 
which wasps were about to emerge, were collected from naturally-occurring and 
planted trees, and placed into individual plastic specimen pots. Emergent wasps were 
preserved in 99% ethanol prior to DNA extraction. Since most figs are entered by 
only one-to-three pollinator foundresses, the likelihood that two wasps emerging 
from the same fig are related is high. To maximise the independence of samples, no 
more than one wasp per species from any given fig was used for molecular analyses, 
and samples were collected from multiple trees within each site (Table 3.1). In some 
instances, we collected foundress pollinators from receptive figs when ripe figs were 
not available. Receptive figs were sliced open and live female pollinators were 
transferred to ethanol for preservation. 
 
Table 3.1: Pollinator and parasitoid samples sizes used for molecular analyses, and 
number of trees from which samples were collected. 
Population 
Pollinator   Parasitoid 
N 
No. 
trees 
No. syconia per 
tree (range) 
 
N 
No. 
trees 
No. syconia per 
tree (range) 
Sydney 30 15 1 – 4 
 
30 15 1 – 3 
Newcastle 30 14 1 – 5 
 
30 17 1 – 3 
Port Macquarie 30 13 1 – 5 
 
30 13 1 – 4 
Byron Bay 11 4 2 – 5 
 
17 5 1 – 5 
Atherton 35 8 1 – 9 
 
17 6 1 – 4 
 
3.3.3 Molecular protocols 
DNA was extracted from whole female wasps using a Chelex method (West et al. 
1998) in a volume of 100 µL. All samples were sequenced for the cytb gene using 
CB1/CB2 primers, following the PCR protocol outlined by Jermiin & Crozier (1994) 
with an annealing temperature of 45°C. Pollinator samples positively identified as P. 
imperialis sp. 1 (N = 136) based on cytb were used for subsequent analyses. Positive 
identification of parasitoids was based on cytb sequences and/or measurement of 
ovipositor sheath length relative to the length of the hind tibia (Segar et al. 2014). 
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We genotyped each pollinator at nine microsatellite loci shown to be polymorphic in 
P. imperialis sp. 1 (Sutton et al. 2015). Multiplex PCR amplification was performed 
using the Platinum® Multiplex PCR Master Mix (Life Technologies). Loci were 
pooled into three reactions in the following combinations: (1) Pli3, Pli6 and Pli10; 
(2) Pli4, Pli5 and Pli8; (3) Pli2, Pli7 and Pli11. Parasitoid samples were initially 
genotyped at nine microsatellite loci (Bouteiller-Reuter et al. 2009). However, we 
had difficulty obtaining consistent amplification for three of these, and they were 
subsequently omitted from further analyses. Each of the six successfully amplified 
loci were amplified independently and subsequently combined into two pooled 
samples for genotyping; (1) JMC5, JMC71 and JMC85; (2) JMC48, JMC89 and 
JMC95. Genotyping was performed on a 3500 Genetic Analyzer (Applied 
Biosystems) and electropherograms were visualised and scored using GeneMapper 
v4.1 (Applied Biosystems). 
 
3.3.4 Genetic variability 
We used GENEPOP v4.2 (Raymond & Rousset 1995; Rousset 2008) to test for 
deviation from Hardy-Weinberg equilibrium (HWE) and test for linkage 
disequilibrium (LD) for each site to ensure all loci were inherited independently. 
Following LD tests, we used the False Discovery Rate (FDR) method (Benjamini & 
Hochberg 1995) to correct for multiple testing. We calculated observed (HO) and 
expected (HE) heterozygosity at each locus for each site and across all loci for each 
site. We further calculated allelic richness (NA) and private allelic richness (NP) with 
rarefaction in ADZE v1.0 (Szpiech et al. 2008) to account for differences in sample 
size between sites (Table 3.1).  
 
3.3.5 Genetic differentiation 
Genetic differentiation between sites was estimated by calculating pairwise FST 
(Weir & Cockerham 1984) and RST (Slatkin 1995) values in GENALEX v6.501 
(Peakall & Smouse 2006, 2012). Under the stepwise mutation model, microsatellite 
alleles evolve in a stepwise fashion by the addition or subtraction of repeat units. RST 
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takes into account the number of repeat units in estimating the extent of genetic 
differentiation between populations, and is more efficient than FST at identifying 
distinct gene pools 
 We further tested whether RST explained our data better than FST using allele size 
permutation tests (Hardy et al. 2003) in SPAGEDI v1.4 (Hardy & Vekemans 2002) 
(20,000 permutations). Hardy et al. (2003) noted that significant tests imply that RST 
outperforms FST, and result when the mutation rate for a stepwise mutation process is 
≥ 1/t (t = number of generations of drift). Pairwise tests of genotypic differentiation 
(G-tests; Goudet et al. 1996) between sites were performed in GENEPOP v4.2 
(Raymond & Rousset 1995; Rousset 2008) and corrected for multiple testing using 
the FDR method. 
 
3.3.6 Population genetic structure 
We used the Bayesian clustering algorithm implemented in TESS v2.3.1 (Chen et al. 
2007) to identify barriers to gene flow between sites. Although STRUCTURE 
(Pritchard et al. 2000) has been the dominant software program for implementing 
Bayesian models for population genetics (François & Durand 2010), a primary 
assumption of these models is that populations are in HWE (Kalinowski 2011). Fig 
wasps reproduce under local mate competition (Hamilton 1979; Cook & West 2005) 
with frequent inbreeding and populations are therefore expected to deviate from 
HWE. Furthermore, TESS, which does not assume HWE, has been shown to be more 
sensitive to geographic clines when genetic differentiation is low (François & 
Durand 2010).  
TESS links individuals by generating a neighbourhood system by Voronoi 
tessellation, which can be modified by the user to reflect suspected barriers to gene 
flow. Our study sites follow the east coast of Australia and represent a roughly linear 
series from north to south (Figure 3.1). To represent biologically likely patterns of 
dispersal and gene flow, the neighbourhood system for both pollinators and 
parasitoids was modified so that each individual was linked to all other individuals 
from within the same site, as well as to every individual in the site(s) immediately 
adjacent. Links connecting pollinator samples from the Atherton site to individuals in 
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any other site were removed to represent the disjunct nature (separated by 1,500 km) 
of the two regions.  
We conducted 100 iterations consisting of 60,000 sweeps of MCMC with a burn-in 
period of 10,000 sweeps. Convergence of the Bayesian algorithms within the burn-in 
period was confirmed by viewing graphical outputs of log-likelihood versus iteration 
number for twenty runs selected at random. We used an admixture model (CAR 
model; Durand et al. 2009) and compared a maximal number of clusters (Kmax) 
ranging from 2 to 8. Following this, for each value of Kmax we plotted the deviance 
information criterion (DIC) for the 20% runs with the lowest DIC value against Kmax, 
and estimated the optimal Kmax value as the point at which the DIC curve stabilised 
or inflected upwards. We then averaged the estimated admixture coefficients for the 
optimal Kmax using the Greedy algorithm in CLUMPP v1.1.2 (Jakobsson & 
Rosenberg 2007) and visualised the data using DISTRUCT v1.1 (Rosenberg 2004). 
If the DIC curve did not stabilise or inflect, we averaged admixture coefficients for 
the 20% runs with the lowest DIC for each Kmax and plotted the results independently 
for each Kmax value. Following the TESS manual, the optimal Kmax was determined 
by viewing barplots for increasing values of Kmax, beginning at Kmax = 2, until an 
increase in Kmax did not result in a clear additional cluster. The highest value of Kmax 
to yield a clear additional cluster was considered optimal. 
 
3.3.7 Isolation by distance 
Population-based measures of isolation by distance (IBD) require dense sampling 
from geographically well-defined populations. Monoecious fig populations tend to 
have very low population densities and are thus distributed over large geographic 
areas. Asynchronous fruiting and low fruiting densities within trees often necessitate 
long-distance dispersal by pollinating wasps. Consequently, few wasps were 
collected from individual trees, and trees sampled within each site were often 
sparsely distributed. In this case, as in the pollinator study of Kobmoo et al. (2010), 
measures of distance between individuals (not sites) are more pertinent. This 
approach is most appropriate when samples have patchy geographic distributions and 
there is no a priori knowledge of the scale of genetic structuring (Heywood 1991).   
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To investigate the strength of IBD processes, we conducted regressions on pairwise 
kinship coefficients (F) (Hardy & Vekemans 1999), as calculated in Loiselle et al. 
(1995), against both logarithmic and linear geographic distance. Analyses were 
performed for each species within each site and across their wider ranges. As the 
pollinator is found in two disjunct regions, range-wide IBD regressions were 
performed only on samples from sites in the southern region. For parasitoid samples, 
an initial range-wide IBD regression was performed, followed by a regression for 
sites in the southern region only for a matched comparison with pollinators. Mantel 
tests with 10,000 permutations were conducted to test the significance of all 
correlations. All analyses were performed in SPAGEDI v1.4. 
 
3.3.8 Power analysis 
The statistical power of the microsatellite loci was assessed using POWSIM v4.1 
(Ryman & Palm 2006). This software allows the user to test the efficiency of loci at 
detecting genetic differentiation at a range of predefined FST values. We ran 
simulations for FST values ranging from 0.001 to 0.025 (2000 replicates each) with 
an effective population size of 4000, and the empirical allele frequencies and sample 
sizes obtained from our real data. The number of generations of drift was varied 
according to the target FST, and the null hypothesis of genetic homogeneity was 
tested using Fisher’s exact test and a chi-squared test. 
 
3.4 Results 
3.4.1 Genetic variability 
Tests for LD showed that three locus pairs (Pli3/Pli8, Pli4/Pli10 and Pli5/Pli8) were 
not inherited independently for pollinators from the Byron Bay site, which was the 
site with the lowest number of both wasps and trees sampled (Table 3.1). All other 
locus pairs across sites, for both pollinators and parasitoids, were found to be 
inherited independently (P > 0.02) following correction using the FDR method. As 
expected, there were many cases where loci deviated from HWE for pollinators; in 
fact, each locus deviated from HWE in at least two sites (Table 3.2). Pollinators from 
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the Byron Bay site were monomorphic at one locus, and Atherton pollinators were 
monomorphic at three loci. There were far fewer instances of deviation from HWE 
for parasitoid loci (Table 3.2). 
When tested across all (pooled) loci, pollinators and parasitoids deviated from HWE 
at all sites, although the degree of statistical significance was consistently higher for 
pollinators (Table 3.3). Allelic richness (NA) in pollinators was substantially lower 
for the Atherton site compared to other sites, but was consistent across all sites for 
parasitoids. Within each species, the number of private alleles per locus (NP) was 
consistent across sites. For pollinators, the inbreeding coefficient (FIS) ranged from 
0.27 to 0.53 and was largest in the Byron Bay and Atherton sites (Table 3.3). For 
parasitoids, FIS ranged from 0.08 to 0.25, and was significantly lower than the 
corresponding values for pollinators (t = 3.153, DF = 4.549, P = 0.028). 
 
3.4.2 Genetic differentiation 
For pollinators, pairwise tests of genotypic differentiation were significant for all site 
comparisons except for Sydney/Newcastle (Table 3.4). Pairwise FST was low 
between sites in the southern region and high between sites in different regions. RST 
was generally lower than FST, with three exceptions; Sydney/Newcastle, 
Sydney/Atherton and Newcastle/Atherton. RST was also larger for comparisons 
involving Atherton, except for an unusually low RST of 0.113 for the Port 
Macquarie/Atherton comparison.  
For parasitoids, only three site comparisons were significant: Newcastle/Byron Bay, 
Port Macquarie/Byron Bay, and Port Macquarie/Atherton (Table 3.4). Pairwise FST 
was lower in parasitoids than in pollinators for all comparisons, and there was no 
correlation between pollinator and parasitoid FST among the southern sites (Mantel 
test: P = 0.17). RST was weak for all pairwise comparisons, and was not correlated 
with pollinator RST (Mantel test: P = 0.42). 
FST and RST were significantly correlated for both pollinators (R
2
 = 0.66, F1,8 = 18.33, 
P = 0.003) and parasitoids (R
2
 = 0.33, F1,8 = 5.42, P = 0.048). Allele size permutation 
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tests were non-significant (pollinators: P = 0.38; parasitoids: P = 0.95), indicating 
that F-statistics perform better on our data than R-statistics. 
 
3.4.3 Population genetic structure 
The Bayesian clustering analysis indicated strong regional structuring in the 
pollinator dataset (Figure 3.2). The optimal number of clusters was unclear from the 
DIC curve (data not shown), and was therefore determined by visualising barplots for 
Kmax values ranging from 2 to 8. There was unambiguous evidence for three genetic 
clusters and there were no clear additional clusters for Kmax > 3 (Appendix A), so the 
optimal number of clusters was determined to be three.  Pollinator samples from 
Atherton comprised a single genetic cluster, and individuals from the southern region 
were assigned to one of two genetic clusters; one which dominates the most 
southerly sites and another (much smaller) cluster that appears clinally in the two 
northernmost sites of the southern region (Port Macquarie and Byron Bay). The 
optimal Kmax of two for the parasitoid dataset was determined by visualising barplots 
for Kmax values from 2 to 8. There was no genetic structure evident from the 
parasitoid data (Figure 3.2). It is important to note that the methods implemented in 
TESS do not allow for the determination of Kmax = 1.  
  
51 
 
Table 3.2: Genetic characteristics of microsatellite loci. 
  
Sydney 
  
Newcastle 
  
Port Macquarie 
 
Byron Bay 
  
Atherton 
 
  
HO/HE FIS 
 
HO/HE FIS 
 
HO/HE FIS 
 
HO/HE FIS 
 
HO/HE FIS 
P
o
ll
in
at
o
r 
Pli2 0.37/0.55*** 0.34 
 
0.33/0.57** 0.42 
 
0.23/0.35 0.34 
 
monomorphic - 
 
monomorphic - 
Pli3 0.40/0.67** 0.40 
 
0.53/0.65 0.18 
 
0.57/0.70 0.20 
 
0.09/0.78*** 0.89 
 
0.03/0.03 0.00 
Pli4 0.43/0.56 0.22 
 
0.40/0.63* 0.37 
 
0.53/0.60 0.11 
 
0.18/0.64*** 0.73 
 
0.40/0.67** 0.41 
Pli5 0.57/0.87*** 0.35 
 
0.70/0.89* 0.21 
 
0.60/0.88** 0.32 
 
0.36/0.84** 0.58 
 
0.31/0.67*** 0.53 
Pli6 0.40/0.81*** 0.51 
 
0.47/0.68** 0.32 
 
0.43/0.61 0.20 
 
0.45/0.82* 0.89 
 
monomorphic - 
Pli7 0.17/0.59*** 0.72 
 
0.10/0.35*** 0.71 
 
0.33/0.58** 0.38 
 
0.36/0.33 -0.11 
 
0.26/0.47* 0.45 
Pli8 0.60/0.91*** 0.34 
 
0.73/0.92** 0.21 
 
0.70/0.92* 0.24 
 
0.55/0.87* 0.39 
 
0.43/0.88*** 0.52 
Pli10 0.47/0.79*** 0.42 
 
0.60/0.64 0.06 
 
0.60/0.83* 0.28 
 
0.36/0.82** 0.57 
 
monomorphic - 
Pli11 0.40/0.62* 0.36 
 
0.30/0.38 0.21 
 
0.27/0.37 0.28 
 
0.45/0.65** 0.32 
 
0.11/0.52*** 0.78 
P
ar
as
it
o
id
 
JMC5 0.73/0.84 0.13 
 
0.80/0.79 -0.02 
 
0.90/0.85 -0.06 
 
0.71/0.87* 0.19 
 
0.65/0.84** 0.23 
JMC71 0.17/0.16 -0.04 
 
0.23/0.26 0.12 
 
0.07/0.19** 0.65 
 
0.24/0.21 -0.10 
 
0.18/0.17 -0.07 
JMC85 0.57/0.72** 0.21 
 
0.67/0.77 0.13 
 
0.70/0.73 0.04 
 
0.71/0.78 0.09 
 
0.59/0.73 0.20 
JMC48 0.27/0.24 -0.12 
 
0.13/0.13 -0.04 
 
0.17/0.16 -0.06 
 
0.06/0.06 0.00 
 
0.12/0.12 -0.02 
JMC89 0.43/0.47 0.07 
 
0.40/0.44 0.09 
 
0.37/0.45** 0.19 
 
0.29/0.36 0.18 
 
0.29/0.62** 0.53 
JMC95 0.13/0.24** 0.46 
 
0.13/0.25** 0.46 
 
monomorphic - 
 
0.18/0.17 -0.04 
 
0.12/0.11 -0.03 
Observed (HO) and expected (HE) heterozygosity with significance for deviation from HWE (*P < 0.05,**P < 0.01, ***P < 0.001) after correction for multiple testing, and 
inbreeding coefficient (FIS).
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Table 3.3: Within-site global genetic variability. 
 
Pollinator 
    
Parasitoid 
   
 
HO/HE FIS NA NP 
 
HO/HE FIS NA NP 
Sydney 0.42/0.70*** 0.41 6.55 ± 0.72 2.12 ± 0.63 
 
0.38/0.44*** 0.14 6.03 ± 1.68 1.66 ± 0.69 
Newcastle 0.46/0.62*** 0.27 6.05 ± 0.85 1.97 ± 0.73 
 
0.39/0.43** 0.10 6.19 ± 1.77 1.40 ± 0.75 
Port Macquarie 0.48/0.63*** 0.27 6.48 ± 0.87 2.51 ± 0.68 
 
0.37/0.39** 0.08 5.32 ± 1.80 1.10 ± 0.57 
Byron Bay 0.31/0.61*** 0.52 6.33 ± 1.05 2.55 ± 0.55 
 
0.36/0.40* 0.11 5.83 ± 1.96 1.20 ± 0.87 
Atherton 0.17/0.35*** 0.53 3.54 ± 0.94 2.05 ± 0.62 
 
0.32/0.42** 0.25 6.17 ± 1.96 1.10 ± 0.67 
Observed (HO) and expected (HE) heterozygosity with significance for deviation from HWE (*P < 0.05,**P < 0.01, ***P < 0.001) after correction for multiple testing, 
inbreeding coefficient (FIS), allelic richness with rarefaction (NA) (± standard error), and private allelic richness (NP) (± standard error) across all loci 
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Table 3.4: Genetic differentiation between sites. 
Pollinator Sydney Newcastle Port Macquarie Byron Bay Atherton 
Sydney - NS * ** ** 
Newcastle 0.012/0.065 - * ** ** 
Port Macquarie 0.023/-0.004 0.023/-0.002 - ** ** 
Byron Bay 0.069/0.000 0.122/0.065 0.048/-0.015 - ** 
Atherton 0.416/0.564 0.458/0.500 0.465/0.113 0.501/0.434 - 
      Parasitoid Sydney Newcastle Port Macquarie Byron Bay Atherton 
Sydney - NS NS NS NS 
Newcastle 0.016/0.020 - NS * NS 
Port Macquarie 0.006/0.019 0.004/-0.013 - ** ** 
Byron Bay 0.009/0.007 0.026/0.037 0.025/0.022 - NS 
Atherton 0.013/0.001 0.038/0.022 0.026/0.010 0.006/-0.034 - 
Population pairwise FST/RST are given in the lower diagonal, and significance for G-tests of genotypic differentiation is given in the upper diagonal (*P < 0.05, **P < 0.001, 
NS: non-significant). 
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3.4.4 Isolation by distance 
Regression analyses did not yield any significant negative correlation between the 
kinship coefficient (F) and geographic distance within any site for pollinators or 
parasitoids (Appendix B). For pollinators, broad-scale analysis across all sites in the 
southern region produced significant slopes for regressions of the kinship coefficient 
against logarithmic (P < 0.001) (Figure 3.3a) and linear geographic distance (P < 
0.001) (Figure 3.3c). Regression analysis also produced a significant slope for 
parasitoids across all sites for logarithmic (P < 0.01) (Figure 3.3b) and linear 
geographic distance (P = 0.026) (Figure 3.3d). IBD regressions for parasitoids from 
sites in the southern region alone did not produce significant slopes. 
 
 
Figure 3.2: Genetic cluster assignments of P. imperialis sp. 1 (above) and Sycoscapter sp. 
A (below) individuals assigned by TESS. Sites are arranged from south (left) to north 
(right). Each vertical bar represents an individual and the colours represent the probability of 
assignment to each genetic cluster. 
 
3.4.5 Power analysis 
The power analysis indicated that the pollinator microsatellite loci could detect a true 
FST value of 0.01 with a probability of 99.80% (Appendix C). In addition, parasitoid 
microsatellite loci detected a true FST value of 0.013 with a probability of 95.70%. 
Global FST in our datasets were 0.036 for pollinators (southern region only) and 
0.013 for parasitoids.  
  
55 
 
3.5 Discussion 
3.5.1 Overall patterns of population structure 
Bayesian clustering analyses support our initial predictions about population 
structure, revealing limited regional gene flow for pollinators, but high regional 
connectivity in parasitoids. The assignment of some pollinators in the southern 
region to a third genetic cluster could indicate clinal variation or intraspecific 
hybridisation; however, there is no clear genetic evidence for hybridisation among 
sympatric P. imperialis species, despite frequent crossing opportunities provided by 
multiple species often occurring within the same fig (T.L. Sutton, unpublished data). 
A more likely explanation is the small sample size (and low heterozygosity) and the 
geographic location of samples from Byron Bay on the edge of the southern 
pollinator population. In further exploratory analyses (data not shown), we found that 
the probability of assignment of these genotypes to the third genetic cluster decreases 
when they are provided with geographic coordinates for a more centrally-located 
site. 
 
Figure 3.3: Isolation by distance. Regression of kinship coefficient (F) against the log 
geographic distance for (a) pollinator (southern sites only) and (b) parasitoid, and against 
linear geographic distance for (c) pollinator and (d) parasitoid. 
  
56 
 
Kobmoo et al. (2010) revealed low differentiation between sites for Ceratosolen 
fusciceps, the pollinator of Ficus racemosa, in southeast Asia, but high 
differentiation between disjunct populations in southeast Asia and Australia. Our 
results emulate this over a shorter geographic distance (~2,000 km versus ~6,000 
km), but over a stronger climatic gradient, since the range is essentially a latitudinal 
transect. Kobmoo et al. (2010) further found that the smaller, more isolated 
Australian C. fusciceps population was less genetically diverse than larger Asian 
populations. Consistent with this, we found that genetic diversity was lower in the 
smaller northern P. imperialis sp. 1 population, as evidenced by reduced HE and NA. 
Allopatric fig wasp populations that are genetically differentiated could represent 
incipient species (Kobmoo et al. 2010; Moe & Weiblen 2010) and this warrants 
further morphological and ecological investigation in P. imperialis sp. 1. 
In contrast to the pollinator case, our data suggest the presence of a single 
Sycoscapter sp. A population throughout eastern Australia. This is supported by 
mtDNA data from throughout its entire range, including localities where P. 
imperialis sp. 1 is not found (Darwell 2012), suggesting that it likely also parasitises 
other species of the P. imperialis complex. Fewer parasitoid than pollinator loci 
deviated from HWE, which may reflect less sib-mating in parasitoids.  Female 
parasitoids do not need to enter figs to lay eggs, and so more mothers may lay eggs 
in a given fig. Consequently, while mating still occurs within the natal fig, we expect 
it to occur less often between siblings. The generally lower inbreeding coefficients 
for parasitoids relative to pollinators (Table 3.3) are also consistent with this 
explanation. Indeed, data suggest that the number of Sycoscapter foundresses 
typically ranges from one to five (Cook et al. in preparation), while the number of P. 
imperialis foundresses ranges from one to three (James Cook, unpublished data). 
The lack of correlation between pollinator and parasitoid pairwise FST, along with a 
non-significant IBD regression for parasitoids in the southern region, indicate that 
parasitoids may disperse farther than pollinators. This could reflect the fact that 
parasitoids do not enter figs and can thus disperse both before and after laying eggs 
in a given fig, while pollinators rarely exit the first fig they enter. Parasitoids also 
live longer, with most pollinators surviving 1 – 2  days (< 3 days; Jevanandam et al. 
2013), while some NPFWs can live for a week or more without access to food (T.L. 
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Sutton, personal observation). Lifespan of NPFWs could also be extended if they 
feed as adults (Lysyk 1998, 2001). The behaviours of adult NPFWs are poorly-
understood, and deserve further attention as adult feeding may reduce starvation and 
increase desiccation resistance, resulting in increased longevity and increasing the 
potential for long-distance dispersal. 
While the current study is the first on the population genetic structure of a fig wasp 
parasitoid, there is genetic evidence for gene flow across substantial distances in 
other parasitoids. For example, Grillenberger et al. (2009) found non-significant 
genetic differentiation between Nasonia vitripennis (Pteromalidae) populations 
separated by 100 km, as well as a pattern of isolation by distance between 
populations up to 3,000 km apart. Although little is known about the mechanics of 
parasitoid dispersal, the patterns reported by Grillenberger et al. (2009) are broadly 
similar to those found in the current study, and suggest that some pteromalid 
parasitoids are capable of dispersal over great distances.  
Overall, our data are consistent with previous studies suggesting that pollinators of 
monoecious figs disperse over long distances (Ahmed et al. 2009), thus forming 
large populations over expansive geographic areas (Kobmoo et al. 2010). In contrast, 
pollinators of dioecious figs generally disperse more locally (Harrison 2003; 
Harrison & Rasplus 2006) and may form relatively more structured populations (e.g. 
Liu et al. 2013; Liu et al. 2015b). A major finding of the present study is that 
parasitoids in this system disperse as far, if not farther, than pollinators. Harrison 
(2003) showed that (1) pollinators of monoecious figs dispersed at higher altitudes 
than pollinators of dioecious figs, and (2) NPFWs and pollinators of a dioecious fig 
species dispersed at the same height as each other, but much closer to the ground 
than pollinators of monoecious figs. Unfortunately, data on flight heights of 
parasitoids from monoecious figs are limiting. Many dioecious figs occur as 
understorey shrubs, and in forest gaps/edges, with high population densities and 
flowering frequencies (Harrison 2003). Long-distance dispersal may therefore not be 
required, and active pollinator dispersal beneath the tree canopy, where wind speed is 
slow, is suspected to be the rule (Harrison & Rasplus 2006; Alvarez et al. 2010). 
Monoecious figs, on the other hand, typically have relatively low flowering densities 
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(Janzen 1979), and so pollinators must usually disperse long distances to locate 
receptive figs.  
 
3.5.2 Incongruent structure of host and parasitoid populations 
Parasitoids regulate many insect herbivore species, and the relative structure of host 
and parasitoid populations can facilitate or mitigate adaptive responses of each 
species to the other (Thompson 1994). We report key differences in the population 
structure of a fig-pollinating wasp and its parasitoid. In particular, the pollinator 
comprises two genetically disparate allopatric populations, while the parasitoid 
appears to have a large continuous population over the 2000 km sampled range.  
The pollinator situation is likely a result of processes undergone during the historical 
range expansion of F. rubiginosa. Darwell et al. (2014) hypothesised that 
diversification in this pollinator complex may be linked with adaptation to local 
climate. A similar line of reasoning was utilised to explain the abundance and 
distribution patterns in African fig wasps associated with F. sycomorus (Warren et 
al. 2010). In the latter case, physiological and behavioural adaptations that enhance 
resilience to heat shock and desiccation may explain the wider distribution of one of 
the two Ceratosolen fig wasp species studied.  
Variation between interacting species in spatial gene flow can have significant 
evolutionary consequences. For example, restricted gene flow between P. imperialis 
sp. 1 populations could hypothetically facilitate a local adaptive response to 
parasitism in one (or both) of the two populations, which could have major 
implications for the mutualism in that region. Parasitoids are thought to contribute to 
stability of the fig – pollinator mutualism by reducing seed parasitism (Dunn et al. 
2008a), so an increase in parasitism resistance might reduce fig reproductive output. 
However, the outcomes of genetic divergence between P. imperialis sp. 1 
populations remain to be explored, and future studies should aim to understand 
ecological differentiation between these populations and how this affects the 
outcomes of this host-parasitoid interaction in order to envisage the potential 
evolutionary trajectory of the mutualism across its wider range.  
  
59 
 
 
 
 
Chapter 4 
Quantifying gene flow and 
hybridisation among sympatric 
cryptic fig wasp species 
 
4.  
Sutton, TL, DeGabriel, JL, Riegler, M and Cook, JM (in revision). Barriers from 
barcodes: how reliable are DNA barcodes in fig wasps? Heredity.   
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4.1 Abstract 
DNA barcoding for species delimitation is a contentious endeavour. Mitochondrial 
DNA (mtDNA) barcoding has been utilised extensively for the discovery of cryptic 
‘species’; but whether this diversity represents actual reproductive isolation or 
historical population structure often remains unexplored. We adopted a population 
genetics approach to examine gene flow between three sympatric cryptic ‘species’ of 
the fig-pollinating wasp Pleistodontes imperialis, which pollinate Port Jackson fig 
(Ficus rubiginosa) in northeastern Australia. Our data indicate strong reproductive 
isolation of the three lineages, despite ample opportunity for heterospecific mating, 
and the identification of seven potential F1 hybrids.  We show that moderate 
mitochondrial differentiation is likely a reliable indicator of reproductive isolation in 
fig wasps. The discovery of cryptic diversity is becoming increasingly common, and 
prompts the question of whether sympatric species have diversified into subtly 
different niches, or pose a challenge to ecological theory due to their co-occupancy 
of the same niche.  
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4.2 Introduction 
A common pattern in nature is the geographic replacement of closely related, but 
distinct, species (Wallace 1858; Darwin 1859). This helped inspire the development 
of modern evolutionary theory (Wallace 1858; Darwin 1859) and entrench 
widespread acceptance of allopatric speciation (Mayr 1963). Geographic isolation 
allows populations to diverge genetically as they respond to differential local 
ecological selection pressures (Schluter 2001), resulting in speciation. However, 
speciation can also arise in sympatry (Dieckmann & Doebeli 1999), and insects are 
important models due to their high host plant fidelity and tendency to form 
genetically differentiated ‘host races’ following shifts to a novel host plant 
(Berlocher & Feder 2002). 
While geographic isolation can lead to speciation, it doesn’t always, and it may take 
a long time.  Many species exhibit substantial genetic variation across their ranges 
and/or show signatures of past demographic events (Avise et al. 1987). In particular, 
many animals show patterns of deep mitochondrial DNA (mtDNA) variation that 
stem from ongoing dispersal barriers or past biogeographic events (e.g. ice age 
refugia) (e.g. (Schneider & Moritz 1999)). Secondary contact of such populations 
(e.g. with range expansion after climate change), can lead to sympatry of distinct 
mtDNA lineages with no barrier to interbreeding; i.e. they are still a single species 
(Hewitt 2004; Nicholls et al. 2010b). 
Patterns of animal mtDNA variation have become very important with the rise of 
DNA barcoding (Hebert et al. 2003a), particularly for insects and other invertebrates, 
because many taxa combine high species diversity with limited alpha taxonomy. 
Explorations of insect diversity often use mtDNA to delimit molecular operational 
taxonomic units (MOTUs; (Blaxter 2004)), but rarely test if these MOTUs behave as 
reproductively isolated species. This issue becomes even more significant with the 
common discovery of cryptic ‘species’ (e.g. (Witt et al. 2006; Hubert et al. 2012; 
Saitoh et al. 2015)) that cannot be distinguished morphologically, but resolve into 
multiple MOTUs. Are these cryptic genetic lineages ‘good’ (reproductively isolated) 
species, or do they simply reflect current or historical population structure without 
speciation (Rubinoff et al. 2006)? Giska et al. (2015) provided an important case 
study, revealing rampant nuclear gene flow between two lineages of the earthworm 
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Lumbricus rubellus, despite deep mitochondrial divergence. In fact, the clustering of 
nuclear (microsatellite) genetic variation was predicted far better by geographic 
location than by mitochondrial lineage. How often are coexisting MOTUs that lack 
obvious morphological differentiation really different species?  This question has 
many ramifications for our understanding of biodiversity. 
If coexisting cryptic lineages are indeed distinct species, then this raises a 
fundamental ecological problem. Conventional ecological theory predicts that cryptic 
species cannot coexist in the same niche, and that all but one species will become 
extinct over time. Consequently, if MOTU-delimited cryptic species coexist at many 
sites over a wide geographic range, we should test if they (i) occupy subtly different 
ecological niches or (ii) actually readily exchange genes. The use of population 
genetic tools and Bayesian statistics to assess hybridisation between taxa (e.g. 
Bastos-Silveira et al. 2012) will often be easier that disentangling subtle differences 
in the  ecology of cryptic species (Randi 2008), so the latter tests provide a logical 
starting point. 
Figs (Ficus, Moraceae) and their pollinator wasps (Hymenoptera: Agaonidae) share 
an obligate reproductive mutualism renowned for high levels of partner specificity 
(Wiebes 1979). Cryptic pollinator ‘species’ are now known to exist on the same host 
fig both in sympatry and allopatry (Molbo et al. 2003; Haine et al. 2006; Sun et al. 
2011; Chen et al. 2012; Darwell et al. 2014), although the loss of pollination 
behaviour in some pollinator lineages (Jandér & Herre 2010) suggests that selection 
can drive ecological divergence of sympatric species. Despite this, studies of cryptic 
fig wasp (and other insect) diversity rarely venture beyond DNA barcodes, and 
information on the strength and validity of inferred species boundaries is therefore 
lacking. 
An extreme deviation from reciprocal partner specificity occurs with the Port 
Jackson fig (Ficus rubiginosa Desf. ex Vent.), which is pollinated by five cryptic 
wasp ‘species’ of the Pleistodontes imperialis Saunders complex along the 
Australian east coast (Haine et al. 2006; Darwell et al. 2014). Following expert 
taxonomic revision in 2002, these were considered a single species (Lopez-
Vaamonde et al. 2002), but resolve into distinct MOTUs (Haine et al. 2006). For 
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three of these, no morphological differences are known, while the other two differ 
only slightly in colour or head length (J.-Y. Rasplus, personal communication). 
Hybrid zones can represent areas of secondary contact following range expansion, 
and we identified and explored a potential hybrid zone around Townsville in 
northeastern Queensland, where three P. imperialis species ('species 2', 'species 3' 
and 'species 4' sensu Haine et al. 2006) coexist in sympatry. We used genetic 
markers (nuclear DNA sequences, mtDNA sequences and microsatellites) to explore 
patterns of gene flow between these three MOTUs and assess their evolutionary 
status. Specifically, we assessed (1) the opportunity for hybridisation; i.e. the 
frequency of figs (mating patches) containing offspring from different MOTUs, (2) 
nuclear microsatellite differentiation between these mtDNA lineages, (3) the 
prevalence of hybridisation, and (4) genetic signals of population expansion. 
 
4.3 Materials and methods 
4.3.1 Study system 
Receptive figs attract pollen-bearing female fig wasps through the emission of 
species-specific volatiles. The female wasp (foundress) enters the receptive fig 
through a narrow opening (ostiole), which closes at the end of the receptive phase. 
Inside, the foundress pollinates the fig ovules, depositing a single egg into some of 
these, and dies within 24-48 hours. Egg deposition initiates gall formation, within 
which the developing larva feeds on the fig seed. Offspring develop over a period of 
about six-to-eight weeks (Harrison 2005; Xiao et al. 2008). Mature males exit their 
galls to locate galls containing females, through which they chew a hole in order to 
mate with them. After mating, the wingless males chew holes exit holes through the 
fig wall for the females, but do not disperse themselves. Females emerge from their 
galls, collect pollen and exit the fig to disperse in search of receptive figs in which to 
pollinate and lay eggs (Galil & Eisikowitch 1968). 
Three P. imperialis MOTUs (‘species’ 2, 3 and 4 (Haine et al. 2006; Darwell et al. 
2014)) are found in sympatry in parts of northeastern Australia. Females of one 
lineage (P. imperialis sp. 2) are easily distinguished based on colour (it is yellow, 
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while species 3 and 4 are black) (Haine et al. 2006; Darwell et al. 2014), but unique 
morphological identifiers for species 3 and 4 have not yet been found. 
 
4.3.2 Sample collection 
Pleistodontes imperialis wasps were collected from eight sites around Townsville in 
north Queensland (19°15’24” S, 146°49’3” E) between November 2013 and 
November 2014 (Figure 4.1). Near-ripe figs (N = 611) were collected from naturally-
occurring trees and placed into individual plastic specimen pots. Emerged wasps 
were preserved in 99% ethanol prior to molecular analyses. No more than one wasp 
per fig was used for molecular analyses as only 1-4 foundresses enter a given fig, so 
there is a high probability that individuals emerging from the same fig are siblings. 
Samples from different sites and different time points were pooled for analyses. 
 
Figure 4.1: Location of P. imperialis sample collection sites. The square on the inset 
denotes the location of Townsville in northeastern Australia. Letters on the main map denote 
sample collection sites (A = Magnetic Island, B = Cape Pallarenda, C = The Strand, D = 
Castle Hill, E = Hervey Range, F = Mt Stuart, G = Alligator Creek, H = Mt View Road). 
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4.3.3 Assessment of the potential for hybridisation 
The potential for hybridisation was quantified as the proportion of figs which 
produced both yellow (‘species’ 2) and black (‘species’ 3 or 4) wasps. This method 
provides an estimate of the minimum frequency of co-occurrence of multiple species 
within a fig, and thus represents the minimum frequency of opportunities for 
heterospecific matings. 
 
4.3.4 DNA extraction and mtDNA analyses 
A subset of samples was used for DNA analyses, with sample sizes approximately 
proportional to the frequency of each MOTU (Table 4.1). DNA was extracted from 
whole female insects (N = 139) using a Chelex method (West et al. 1998) to a 
volume of 100 µL. The cytb gene was amplified and sequenced in all samples using 
CB1/CB2 primers and the protocol described in (Jermiin & Crozier 1994). Although 
COI is the standard barcoding gene in animals, most barcoding efforts for this 
species complex have utilised the cytb gene (Haine et al. 2006; Darwell et al. 2014) 
since COI amplifies inconsistently and is compromised as a marker in some fig wasp 
species by nuclear pseudogenes that amplify alongside the true COI sequence. DNA 
sequences were edited by eye in Sequencher v4.10.1 (Gene Codes) and aligned in 
Clustal X v2.0 (Larkin et al. 2007). 
A cytb haplotype phylogeny was constructed in MrBayes v3.2 (Ronquist et al. 2012) 
to assign individuals to MOTUs according to Darwell et al. (Darwell et al. 2014). 
Reference sequences for each of the three MOTUs (Haine et al. 2006; Darwell et al. 
2014) were included in the phylogeny, along with outgroup sequences for 
Pleistodontes nigriventris (Lopez-Vaamonde et al. 2001) and Ceratosolen galili 
(Kerdelhue et al. 1999). jModelTest v2 (Guindon & Gascuel 2003; Darriba et al. 
2012) was used to determine that the HKY + G (Hasegawa et al. 1985) model was 
the most appropriate for our data. We considered the default model parameters 
sufficient as we were interested in broad scale groupings, rather than fine-scale and 
detailed phylogenetic relationships. Two independent runs of four Metropolis 
coupled Monte Carlo Markov chains for 10 million generations were performed with 
a relative burn-in of 25%, and sampling every 1,000 generations. The two runs were 
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assumed to have converged if the mean standard deviation of the split frequencies 
fell below 0.01. 
Patterns of historical demography were inferred using Tajima’s D (Tajima 1989) and 
Fu’s FS (Fu 1997) as implemented in ARLEQUIN v3.5.1.3 (Excoffier & Lischer 
2010). Positive values for these statistics are interpreted as evidence for population 
bottlenecks or over-dominant selection, while negative values are considered 
evidence for population expansion or purifying selection (Simonsen et al. 1995). 
Values not significantly different from zero indicate no change in population size. 
These analyses were complemented with an analysis of mismatch distribution in 
performed in ARLEQUIN. Smooth unimodal distributions of mtDNA pairwise 
genetic differences are expected for populations having undergone recent population 
expansion (Slatkin & Hudson 1991; Ray et al. 2003). Multimodal distributions are 
expected for populations that have not experienced recent expansion or those that are 
genetically structured. Difficulties pertaining to population structure are common in 
population demographic analyses; for example, Bayesian skyline plots can yield false 
signals of population contraction when there is genetic structuring in the sampled 
data (Heller et al. 2013). While population structure can present issues for mismatch 
analyses, these are generally easily identified by observing the distribution itself. 
 
4.3.5 Microsatellite analyses 
Each individual was genotyped at nine microsatellite loci (Sutton et al. 2015). These 
were amplified in multiplex reactions, as detailed in (Sutton et al. 2016). All 
genotyping was performed on a 3500 Genetic Analyzer (Applied Biosystems), and 
electropherograms were visualised and scored using GeneMapper v4.1 (Applied 
Biosystems). One locus (Pli10) did not amplify in P. imperialis sp. 3 samples, and 
was therefore excluded from subsequent analyses. The number of alleles and number 
of private alleles with rarefaction were calculated in ADZE (Szpiech et al. 2008), 
deviation from Hardy-Weinberg equilibrium was tested in GENEPOP v4.2 
(Raymond & Rousset 1995; Rousset 2008). Pairwise tests of genotypic 
differentiation (Goudet et al. 1996) were performed in GENEPOP and pairwise 
population FST was calculated in ARLEQUIN. 
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The Bayesian clustering algorithm implemented in TESS (Chen et al. 2007) was 
utilised to assess potential gene flow between the cytb-defined MOTUs. The CAR 
admixture model (Durand et al. 2009) was implemented and 100 iterations were 
conducted, consisting of 60,000 sweeps of MCMC with a burn-in period of 10,000 
sweeps. The maximum number of clusters (Kmax) was restricted to three as our aim 
was to assess gene flow between the three cytb-defined MOTUs. The estimated 
admixture coefficients were averaged using the Greedy algorithm in CLUMPP 
v1.1.2 (Jakobsson & Rosenberg 2007) and the data were subsequently visualised in 
DISTRUCT v1.1 (Rosenberg 2004). 
 
4.3.6 Nuclear DNA barcoding 
For individuals whose highest cluster assignment probability from the TESS analysis 
was less than 96%, mtDNA species assignment was confirmed by sequencing the 
nuclear ITS2 region. ITS2 was amplified using ITS2-F (5’-
ATTCCCGGACCACGCCTGGCTGA-3’) and ITS2-R (5’-
TCCTCCGCTTATTGATATGC-3’) primers (White et al. 1990) in 20 µL reactions 
containing 1 mM MgCl2, 0.1 mM each dNTP, 0.36 µM each primer and 0.5 units 
Taq DNA polymerase (Promega). Thermal cycling conditions involved an initial 
denaturation step of 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 52°C for 
40 s and 72°C for 40s, and a final elongation step of 72°C for 10 min. The 
phylogenetic methods employed for cytb data were also used for ITS2. Two 
reference sequences for each of the three P. imperialis species present in Townsville 
(Darwell et al. 2014) were included in the phylogeny, and Pleistodontes froggatti 
(Lopez-Vaamonde et al. 2001) was included as an outgroup. 
 
4.4 Results 
At least 13.38% of F. rubiginosa fruits contained wasps from multiple MOTUs (N = 
611), as evidenced by the presence of yellow and black P. imperialis wasps. One 
hundred and forty P. imperialis wasps were sequenced for a 372 bp cytb fragment, 
and each individual was unambiguously assigned to one of the three known P. 
imperialis MOTUs found in Townsville (Figure 4.2). We identified 52 unique 
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haplotypes across three P. imperialis MOTUs and nucleotide diversity within 
lineages ranged from 0.007 to 0.015 (Table 4.1). Intraspecific cytb genetic 
divergence ranged from 0.0 to 6.5% and interspecific divergence ranged from 8.9 to 
16.1%. Tajima’s D was not significant for all three lineages, but Fu’s FS was 
significantly negative for P. imperialis sp. 2 and 3 (Table 4.2). Mismatch 
distributions were bimodal for each lineage and thus did not appear to support 
hypotheses of population expansion (Figure 4.3). 
Microsatellite diversity (NA and HE) was greatest in P. imperialis sp. 2 and lowest in 
P. imperialis sp. 3, and over 50% of alleles were not shared between lineages (Table 
4.1). All lineages were significantly differentiated with pairwise FST values ranging 
from 0.28 to 0.54 (Table 4.3). Bayesian clustering analyses revealed three distinct 
microsatellite genetic clusters corresponding to cytb MOTU assignments (Figure 
4.4). Seven individuals had maximum cluster assignment probabilities lower than 
96% (two of which were less than 70%), but sequencing of the ITS2 region (Figure 
4.5) validated their initial cytb MOTU assignment. Examination of individual 
microsatellite genotypes revealed that these individuals were not F1 hybrids. In three 
individuals, we identified alleles that are rare within their MOTU, but common in at 
least one other MOTU, suggesting they could be later generation hybrids that have 
retained a conspecific allele from an ancestral hybrid mating (Table 4.4). 
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Figure 4.2: Bayesian haplotype tree of P. imperialis haplotypes based on a 372 bp 
fragment of the mitochondrial cytb gene. Posterior probabilities are indicated. The scale 
bar represents the number of substitutions per site. 
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Table 4.1: mtDNA and microsatellite diversity of three sympatric P. imperialis species. 
P. imperialis species N 
mtDNA   Microsatellites 
No. haplotypes Nucleotide diversity   NA NP HO/HE 
2 79 19 0.007 ± 0.004 
 
10.71 ± 2.38 8.89 ± 2.36 0.47/0.76* 
3 39 21 0.010 ± 0.006 
 
4.02 ± 1.17 2.58 ± 1.11 0.18/0.40* 
4 22 12 0.015 ± 0.008   6.25 ± 1.26 4.94 ±1.20 0.11/0.57* 
N, sample size; NA, number of alleles (with rarefaction); NP, number of private alleles (with rarefaction); HO, observed heterozygosity; HE, expected heterozygosity. Asterisk 
denotes significant deviation from Hardy-Weinberg equilibrium (P < 0.05). 
Table 4.2: Tests of selective neutrality under a population expansion model for three sympatric P. imperialis species based on mtDNA cytb sequences. 
P. imperialis species Tajima's D Fu's FS 
2 -0.66 -7.15* 
3 -0.95 -11.84* 
4 -0.90 -1.69 
Asterisk denotes significant deviation from Hardy-Weinberg equilibrium (P < 0.05). 
Table 4.3: Genetic differentiation among P. imperialis (cytb) species 
  sp. 2 sp. 3 sp. 4 
sp. 2 - * * 
sp. 3 0.54 - * 
sp. 4 0.28 0.34 - 
Pairwise FST is given in the lower diagonal and statistical significance for tests of genotypic differentiation are given in the upper diagonal (Asterisk denotes P < 0.001).
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Figure 4.3: mtDNA mismatch distributions for P. imperialis sp. 2 (a), sp. 3 (b) and sp. 4 
(c). Observed distributions are represented by open circles and solid lines. Simulated 
distributions are represented by black triangles and dotted lines. Parameters for tests of the 
sudden expansion model are given for each lineage. 
 
 
Figure 4.4: Genetic cluster assignments of 139 P. imperialis individuals based on 
nuclear microsatellite genotypes. Each vertical column represents an individual, and the 
colours indicate its probability of assignment to each of the three genetic clusters. Samples 
are grouped by mtDNA assignment. Circles denote individuals whose highest cluster 
assignment probability was less than 0.96. 
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4.5 Discussion 
We used a population genetic approach to assess the potential for hybridisation and 
gene flow among sympatric P. imperialis mtDNA lineages in northeastern Australia. 
Our results revealed that more than 13% of figs contained wasps from at least two 
mtDNA MOTUs. Despite ample opportunity for hybridisation, genetic data show 
that none of the samples analysed were hybrids. This study supports the reproductive 
isolation in local sympatry and species status of MOTUs delimited by Darwell et al. 
[24] using a few specimens from each of many sites over a wide geographic range. 
 
Figure 4.5: Consensus Bayesian topology of P. imperialis inferred from a 338 bp 
fragment of the ITS2 region. Posterior probabilities are indicated. Pleistodontes froggatti 
was included as an outgroup. Reference sequences for ingroups are denoted by their 
accession numbers, followed by the species assignment made by Darwell et al. (2014). The 
scale bar represents the number of substitutions per site. 
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Table 4.4: Potential hybrid alleles and their frequency in each P. imperialis MOTU 
Individual MOTU Locus Allele 
Frequency in each MOTU 
sp. 2 sp. 3 sp. 4 
TSY12 sp. 2 Pli3 112 0.0833 0.2564 0.0000 
  
Pli6 253 0.0192 0.2564 0.0000 
TSY14 sp. 2 Pli4 271 0.0577 0.8718 0.4318 
TNV3947 sp. 4 Pli4 277 0.1603 0.0000 0.0682 
  
Pli5 118 0.6026 1.0000 0.1364 
    Pli7 198 0.3718 0.2180 0.0455 
 
Bayesian clustering analyses indicated a clear concordance between mtDNA and 
multilocus microsatellite genotypes, despite some individuals exhibiting signs of 
genetic admixture. We found no evidence that any of the samples used here were F1 
hybrids, and only very weak evidence to suggest that any hybridisation occurs 
between previously-identified MOTUs. Molbo et al. (2004) identified F1 hybrids of 
Pegoscapus fig wasps in Panama, but suggested that they were sterile due to the low 
frequency of hybrids, lack of introgression and the identification of diploid males, 
which indicates a breakdown in the haplodiploid sex determination system.  
Tests of selective neutrality yielded conflicting results. Tajima’s D revealed no 
evidence for changes in population size in any of the three P. imperialis species, but 
Fu’s FS provided evidence for population expansion in species 2 and 3. While both 
statistics can detect changes in historical demography, Tajima’s D is more efficient at 
detecting bottlenecks (Simonsen et al. 1995), while Fu’s FS is more sensitive to 
population expansion (Fu 1997). Bimodal mismatch distributions did not appear to 
support hypotheses of sudden population expansion. Population structure, such as the 
cytb sub-clade structure observed in some P. imperialis species, however, can 
produce bimodal mismatch distributions, making interpretation of these statistics 
difficult (Wei et al. 2014). Indeed, a number of factors, such as population structure, 
levels of DNA sequence polymorphism, and sample size, can all potentially 
confound the interpretation of mismatch analyses (Grant 2015). A deeper 
investigation of the population genetic structure and demographic history of all P. 
imperialis species would provide more intriguing insights into the evolution of this 
system. 
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There is a growing number of reports of cryptic ‘species’ in the fig – fig wasp 
mutualism, existing both in sympatry and allopatry (Molbo et al. 2003; Haine et al. 
2006; Moe & Weiblen 2010; Lin et al. 2011; Sun et al. 2011). Moe & Weiblen 
(2010) identified cryptic Ceratosolen fig wasp ‘species’ in association with several 
widespread Ficus species, suggesting an extensive role for vicariance in the 
generation of cryptic biodiversity. This notion is supported by population genetic 
analyses of fig wasps in Asia and Australia (Kobmoo et al. 2010; Sutton et al. 2016). 
Despite the local coexistence of cryptic fig wasp ‘species’ in at least four genera 
(Molbo et al. 2003; Molbo et al. 2004; Haine et al. 2006; Lin et al. 2011; Sun et al. 
2011; Darwell et al. 2014), true tests of hybridisation between such mtDNA lineages 
have only been undertaken in one of these. Molbo et al. (2004) used diagnostic 
microsatellite loci to identify hybrids of cryptic Pegoscapus hoffmeyeri lineages from 
less than 1% of figs sampled; suggesting that gene flow between lineages is rare. 
Our data also highlight the need to address the question of how cryptic species that 
appear to be ecological equivalents can coexist on the same resources (Zhang et al. 
2004). Zhang et al. (2004) proposed a model to address this fundamental ecological 
issue by building on the idea that stable coexistence is possible if species 
discriminatively direct appropriate behaviours towards conspecifics and 
heterospecifics (Chesson 1991). Alternatively, the onset of sympatry may have been 
too recent for competitive exclusion to cause local extinction of the least ‘fit’ species. 
Ecological factors, such as preferential oviposition in different subsets of flowers, 
might also explain the coexistence of seemingly cryptic fig wasp species. Another 
interesting possibility is that one species performs better during the dry season, while 
another performs better in the wet season. 
We have shown that sympatric P. imperialis lineages do not exchange genes and thus 
represent ‘good’ species. Future work should aim to investigate potential differences 
in the intricate ecology and morphology of these species to elucidate potential points 
of divergence and to test the model of cryptic fig wasp coexistence proposed by 
Zhang et al. (2004).  
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Chapter 5 
Scaling genetic differentiation of 
allopatric fig wasp populations 
 
 
5.  
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5.1 Abstract 
Single locus DNA barcoding for species delimitation can be problematic, and there is 
overwhelming support for methods that integrate multiple sources of data. In the case 
of morphologically indistinguishable cryptic species, genetic approaches that utilise 
multiple markers are considered the most robust tool for species delimitation. 
However, these often fail to clearly resolve species from recent radiations. The task 
of species delimitation is made even more difficult when divergent lineages are 
allopatric, such that species boundaries cannot be reinforced by assortative mating or 
broken down by hybridisation. 
In Australia, Port Jackson fig (Ficus rubiginosa) is pollinated by five fig wasp 
species of the Pleistodontes imperialis Saunders species complex. One of the 
pollinator species (P. imperialis sp. 1) comprises two disjunct populations separated 
by 1,500 km; one in the southern range of the host plant, and one in the northern 
range. Here, we use a comparative population genetics approach with multiple DNA 
markers to quantify genetic divergence of allopatric P. imperialis sp. 1 populations 
with reference to P. imperialis sp. 2, a closely related but taxonomically 
unambiguous species. Between P. imperialis sp. 1 populations, we observed small, 
but fixed, differences at a nuclear DNA locus (ITS2), reciprocal monophyly at a 
mitochondrial gene (cytochrome b) and extreme levels of genetic differentiation 
estimated from multilocus microsatellite genotypes. We also found strong support for 
rapid expansion of the geographically more widespread southern population, but not 
in the smaller, more isolated northern population. 
We show that allopatric P. imperialis sp. 1 populations represent incipient species. 
Our study supports the utility of population genetic approaches in delimiting species 
boundaries, but highlights some limitations for the genetic delimitation of allopatric 
species. Most notably, estimates of genetic exchange between geographically 
isolated species are not possible. Where possible, genetic data should be combined 
with morphological, behavioural or ecological data when delimiting closely related 
or cryptic species.  
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5.2 Introduction 
In the last decade, taxonomy has been revolutionised by DNA barcoding – the 
designation of an individual to species level based on a short mitochondrial DNA 
(mtDNA) sequence (Hebert et al. 2003a). The advancement of molecular-based 
species identification tools has uncovered a plethora of diversity that went unseen by 
traditional taxonomy. Despite early ‘successes’ in the discovery of cryptic diversity 
(Hebert et al. 2003a; Hebert et al. 2003b; Hebert et al. 2004), the use of DNA 
barcoding alone for species delimitation and discovery has also received heavy 
criticism (e.g. Ferguson 2002; Will & Rubinoff 2004a; Brower 2006; Rubinoff et al. 
2006). Rubinoff et al. (2006) developed a compelling case against the use of mtDNA 
barcoding for species delimitation, citing (among others) reduced effective 
population size of mtDNA, introgression, selective sweeps (particularly those 
induced by intracellular bacteria, such as Wolbachia), lack of recombination, and the 
confounding effects of nuclear pseudogenes of mitochondrial origin as potential 
shortcomings of the barcoding philosophy.  
Integrative approaches, which combine multiple types of data (e.g. molecular and 
morphological), are considered most effective and desirable for species delimitation 
(Will et al. 2005). However, in the case of morphologically indistinguishable cryptic 
species, genetic data may be the only viable option. In these cases, especially when 
taxa are closely related, the use of multiple genetic markers and dense taxon 
sampling is recommended (Roe & Sperling 2007; Dupuis et al. 2012). Multi-locus 
approaches are crucial for delimiting recently diverged species (Knowles & Carstens 
2007; Dupuis et al. 2012), and tools commonly applied to population genetics studies 
are proving invaluable in this regard (e.g. Dépraz et al. 2009; Bernasconi et al. 2010; 
Hausdorf et al. 2011; Duminil et al. 2012). For example, Hausdorf et al. (2011) 
revealed vastly discordant patterns of population structure inferred from mtDNA and 
nuclear-encoded microsatellites in Astyanax fishes. Polymorphic microsatellite 
markers can further enhance our understanding of the structure of cryptic diversity 
by facilitating the quantification of gene flow between closely related ‘species’ 
inferred from mtDNA (e.g. Bernasconi et al. 2010). 
Understanding how cryptic diversity is structured across landscapes provides 
valuable insights into the geographic processes involved in speciation (Coyne & Orr 
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2004). Indeed, Warren et al. (2014) argued that the primary focus of biogeographic 
studies should be to understand the geography, and not the ecology, of speciation. A 
geographic understanding of speciation requires geographically well-defined systems 
– something that is generally lacking from most studies, particularly in the tropics 
(McBride et al. 2009). A major difficulty for species delimitation is the treatment of 
genetically divergent allopatric demes (Lukhtanov et al. 2015). While molecular 
tools can be used to quantify genetic divergence between allopatric populations, 
whether or not they are reproductively isolated is a question that often cannot be 
easily addressed. 
The monoecious Port Jackson fig, Ficus rubiginosa (Desf. ex Vent.) (Moraceae), is 
naturally distributed along most of Australia’s east coast, from the tropics of northern 
Queensland to the temperate regions of southern New South Wales (NSW) (Dixon et 
al. 2001). Extensive DNA barcoding surveys have revealed that F. rubiginosa is 
pollinated by five cryptic fig wasp species that form the Pleistodontes imperialis 
Saunders (Hymenoptera: Agaonidae) species complex, and which have partially 
overlapping geographic ranges (Figure 1.3; Haine et al. 2006; Darwell et al. 2014) 
and different Wolbachia infections (Haine et al. 2006). A peculiar feature of this 
complex is the existence of two disjunct populations of P. imperialis sp. 1 (sensu 
Haine et al. 2006); one which dominates the southern range of F. rubiginosa, and 
another found in the Atherton Tablelands in northern Queensland (Haine et al. 2006; 
Darwell et al. 2014). Although these populations are clearly discernible based on 
mitochondrial DNA sequences, two species delimitation methods – one distance-
based method (jMOTU; Jones et al. 2011) and one phylogeny based method 
(GMYC; Pons et al. 2006) – fail to recognise the two populations as discrete species 
(Darwell et al. 2014). A recent study revealed high levels of genetic differentiation 
between these populations using multilocus microsatellite genotypes (Chapter 3; 
Sutton et al. 2016), but the extent of this differentiation has not yet been scaled 
among other species within the P. imperialis species complex. 
In the present study, we used multiple genetic markers (nuclear and mitochondrial 
DNA sequences, and microsatellites) to quantify genetic variability between the two 
P. imperialis sp. 1 populations. This was done with reference to another closely 
related, but unambiguously different P. imperialis species (P. imperialis sp. 2 sensu 
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Haine et al. 2006) to determine if the extent of genetic differentiation is indicative of 
speciation. We further tested for genetic signals of population expansion using 
neutrality tests and mismatch distributions. We predicted that levels of genetic 
variation would be consistent with signals of incipient speciation: highest in the 
microsatellite markers (as they are the most sensitive to ruptured gene flow), and 
lowest in nuclear DNA (as it evolves much slower than mitochondrial DNA (Brown 
et al. 1979)). We expected patterns of expansion in the larger southern P. imperialis 
sp. 1 population due to its geographic size relative to the smaller northern population 
(Sutton et al. 2016) and that fig and fig wasp diversity (including species diversity in 
the P. imperialis complex; Darwell et al. 2014) is concentrated in the tropics, so 
poleward expansion might be expected. 
 
5.3 Methods 
5.3.1 Sample collection 
Ficus rubiginosa has a continuous distribution along Australia’s east coast (Dixon et 
al. 2001). We sampled the southern P. imperialis sp. 1 population from four sites in 
NSW between March 2012 and August 2014 (Figure 5.1). Over the same time 
period, we sampled the northern P. imperialis sp. 1 population from throughout its 
small range in the Atherton Tablelands (Figure 5.1; see Figure 3.1 for more detail). 
Three cryptic P. imperialis species (1, 3 and 4 sensu Haine et al. 2006; Darwell et al. 
2014) occur sympatrically in the Atherton Tablelands (Figure 1.3), which reduced 
sampling efficiency of P. imperialis sp. 1 in this region. We therefore included a 
small number of insects collected earlier in 2005 and 2007. The geographic range of 
Pleistodontes imperialis sp. 2 is restricted to Townsville, north Queensland (Figure 
1.3; Darwell et al. 2014). We collected P. imperialis sp. 2 samples from field sites in 
Townsville between November 2013 and November 2014 (Figure 5.1; see Figure 4.1 
for more detail) Although two other P. imperialis species (3 and 4 sensu Haine et al. 
2006; Darwell et al. 2014) coexist with P. imperialis sp. 2 in Townsville, P. 
imperialis sp. 2 is the most common and also the easiest to identify as it lacks 
pigment and appears yellow, while the others are pigmented and appear dark brown 
or black. 
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We collected near-ripe figs and stored them in plastic specimen pots for 48 hours. 
We transferred emergent wasps to a tube containing absolute ethanol for preservation 
prior to molecular analyses. Since figs are entered by only a small number of 
foundresses (usually one or two), the probability of sampling siblings from the same 
fig is high. Therefore, we used only a single wasp from each fig for DNA analyses in 
order to maximise independence. 
 
Figure 5.1: Geographic distribution of sampling efforts. The dotted line represents the 
western boundary of the range of Ficus rubiginosa. (Black circles = southern P. imperialis 
sp. 1, open circle = northern P. imperialis sp. 1, black square = P. imperialis sp. 2). Each 
point denoted on the map represents several trees from several sites. Note that none of the 
ranges of these populations/species overlap. 
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5.3.2 Molecular methods 
We extracted DNA from whole female insects using a Chelex protocol to a volume 
of 100 µL (West et al. 1998). We amplified and sequenced mitochondrial cytb using 
the CB1/CB2 primers and protocol described in (Jermiin & Crozier 1994). We 
amplified and sequenced nuclear ITS2 in a subset of individuals using ITS2-F (5’-
ATTCCCGGACCACGCCTGGCTGA-3’) and ITS2-R (5’-
TCCTCCGCTTATTGATATGC-3’) primers (White et al. 1990) in 20 µL reactions 
containing 1 mM MgCl2, 0.1 mM each dNTP, 0.36 µM each primer and 0.5 units 
Taq DNA polymerase (Promega). Thermal cycling conditions were an initial 
denaturation step of 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 52°C for 
40 s and 72°C for 40s, and a final elongation step of 72°C for 10 min. We genotyped 
each individual at nine microsatellite loci (Sutton et al. 2015) in multiplex PCR 
reactions (Sutton et al. 2016). Genotyping was performed on a 3500 Genetic 
Analyzer (Applied Biosystems), and genotypes were visualised and scored using 
GeneMapper v4.1 (Applied Biosystems). 
 
5.3.3 DNA sequence analyses 
We aligned and edited DNA sequences by eye in Sequencher v4.10.1 (Gene Codes), 
and constructed a Bayesian haplotype phylogeny in MrBayes v3.2 (Ronquist et al. 
2012) using all unique cytb haplotypes, which were extracted using the GetHaplo 
function in the SIDIER package (Muñoz-Pajares 2013) in R v3.2.2 (R Core Team 
2015). We included reference sequences for both P. imperialis sp. 1 populations 
(Haine et al. 2006; Darwell et al. 2014), P. imperialis sp. 2 (Darwell et al. 2014), and 
outgroup sequences for Pleistodontes nigriventris (Lopez-Vaamonde et al. 2001) and 
Ceratosolen galili (Kerdelhue et al. 1999). We used jModelTest v2 (Guindon & 
Gascuel 2003; Darriba et al. 2012) to select the most appropriate model of nucleotide 
substitution for the cytb data. We ran two independent runs of four Metropolis 
coupled Monte Carlo Markov chains for 10 million generations, sampling every 
1,000 generation and with a relative burn-in period of 25%. If the standard deviation 
of the split frequencies of the two runs was below 0.01 after 10 million generations, 
the two runs were assumed to have converged.  
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We tested for genetic signals of population expansion for the two P. imperialis sp. 1 
populations using neutrality tests (Tajima's D and Fu's FS; Tajima 1989; Fu 1997) 
and mismatch distributions using all DNA sequences in ARLEQUIN v3.5.1.3 
(Excoffier & Lischer 2010). Negative values for Tajima’s D and Fu’s FS indicate 
recent population expansion or purifying selection, while positive values indicate 
population bottlenecks or over-dominant selection. Mismatch distributions are 
expected to be smooth and unimodal for populations that have recently undergone 
expansion (Slatkin & Hudson 1991; Ray et al. 2003). 
For ITS2 data, we calculated within- and between-population genetic distances in 
MEGA v6.0 (Tamura et al. 2013). We selected the most appropriate nucleotide 
substitution model using jModelTest. 
 
5.3.4 Microsatellite analyses 
We calculated observed (HO) and expected (HE) heterozygosity and tested for 
deviation from Hardy-Weinberg equilibrium (HWE) for each locus independently 
and across pooled loci in GENEPOP v4.2 (Raymond & Rousset 1995; Rousset 
2008). Furthermore, we calculated allelic richness (NA) and private allelic richness 
(NP) with rarefaction in ADZE (Szpiech et al. 2008) to account for differences in 
sample size for each population. 
We estimated genetic differentiation by computing pairwise FST (Weir & Cockerham 
1984) and RST (Slatkin 1995) within the AMOVA (Excoffier et al. 1992) framework 
in GENALEX v6.501 (Peakall & Smouse 2006, 2012). FST provides an estimate of 
genetic divergence based on allele identity, while RST takes into account allele size as 
expressed in number of repeat units. According to the Stepwise Mutation Model, 
microsatellites evolve by the addition or subtraction of repeat units. RST is therefore 
expected to be more efficient at identifying distinct gene pools. We also performed 
exact tests of genotypic differentiation (Goudet et al. 1996) and corrected for 
multiple testing using the False Discovery Rate (FDR) method (Benjamini & 
Hochberg 1995). We also conducted a Principal Components Analysis (PCA) in R 
using the dudi.pca function in the ade4 package (Dray & Dufour 2007) to visualise 
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microsatellite genotypes in multidimensional space. Prior to the analysis, allele 
frequencies were transformed using the scaleGen function (method = “mean”). 
 
5.4 Results 
5.4.1 DNA sequence analyses 
We sequenced a 339 bp cytb fragment of 214 P. imperialis wasps, and a 284 bp 
fragment in one sample (AT28P), which was excluded from further mtDNA 
analyses. We identified 76 unique cytb haplotypes and revealed consistent levels of 
nucleotide diversity across the three populations (Table 5.1). We used the HKY + G 
(Hasegawa et al. 1985) model to construct the Bayesian haplotype phylogeny, which 
showed clear separation and reciprocal monophyly of the two P. imperialis sp. 1 
populations with 100% posterior probability (Figure 5.2). Tajima’s D and Fu’s FS 
were significantly negative for both of the P. imperialis sp. 1 populations (Table 5.2), 
suggesting sudden population expansion. However, mismatch distributions supported 
population expansion in the southern species 1 population only (Figure 5.3). 
We sequenced a fragment (311 to 315 bp) of the ITS2 region in 25 P. imperialis 
samples (see Table 5.3 for sample sizes per population). Within each population, all 
sequences were identical. Mean Jukes-Cantor (Jukes & Cantor 1969) distance was 
zero between the southern and northern species 1 populations, but there was a 4 bp 
indel in a dinucleotide repeat region that was diagnostic for each of the three 
populations (Figure 5.4). Genetic distance between species 2 and each of the species 
1 populations was 0.01 (Table 5.3). 
 
5.4.2 Microsatellite analyses 
We genotyped 215 wasps at nine microsatellite loci. The northern species 1 
population was monomorphic at three loci, while species 2 was monomorphic at one 
locus (Table 5.4). All loci deviated from HWE in the southern species 1 population, 
while the northern species 1 population (Pli3) and species 2 (Pli10) had only one 
locus each that did not deviate from HWE. Deviation from HWE is expected in fig 
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wasps as reproduction occurs within the natal fig, where sib-mating is very common 
and inbreeding is typically very highTable 5.. Genetic variation (NA, HE) was similar 
in the southern species 1 population and species 2, but severely reduced in the 
northern species 1 population (Table 5.5). The number of private alleles (NP) was 
highest in species 2 and lowest in the northern species 1 population. Across pooled 
loci, all populations deviated from HWE, and FIS ranged from 0.36 (southern species 
1) to 0.53 (northern species 1).  
All populations were significantly differentiated (Table 5.6). Pairwise FST was lowest 
for the southern species 1/species 2 comparison and highest for the northern species 
1/species 2 comparison. The pairwise RST value for the two species 1 populations 
was lower than the corresponding FST value. Furthermore, pairwise RST values for 
population comparisons involving species 2 were considerably higher than the 
southern/northern species 1 comparison. The first two axes of the PCA explained a 
total of 20.16% of the variation (Figure 5.5). PCA scores were plotted on the first 
two axes and formed three clusters which corresponded to the three populations. 
Axis 1 explained 12.02% of the variation, which accounted for variation between 
species 2 and the species 1 populations. The second PCA axis (8.14%) was due to 
variation between the two species 1 populations. 
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Figure 5.2: Bayesian haplotype tree of three P. imperialis populations based on a 339 bp 
fragment of the mitochondrial cytb gene. Posterior probabilities are indicated. The scale 
bar represents the number of substitutions per site. 
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Table 5.1: mtDNA (cytb) diversity of P. imperialis sp. 1 and P. imperialis sp. 2 
populations 
Population N No. haplotypes Nucleotide diversity (± S.E.) 
Species 1 south 101 46 0.008 ± 0.005 
Species 1 north 34 11 0.005 ± 0.004 
Species 2 79 19 0.008 ± 0.005 
 
 
 
 
Table 5.2: Tests of selective neutrality under a population expansion model for P. 
imperialis sp. 1 populations based on cytb sequences. 
Population Tajima's D Fu's FS 
Species 1 south -2.24** -26.62** 
Species 1 north -2.35** -4.42* 
Asterisks denote statistical significance (*P < 0.01, **P < 0.001). 
 
 
 
 
Table 5.3: Mean within- and between-population Jukes-Cantor distances based on a 
311-315 bp fragment of the ITS2 region. 
  Species 1 south Species 1 north Species 2 
Species 1 south (7) 0.00 
  Species 1 north (8) 0.00 0.00 
 Species 2 (10) 0.01 0.01 0.00 
Sample size of each population is given in parentheses. Mean within-population distance is given on 
the diagonal and mean between-population distance is given below the diagonal. 
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Figure 5.3: Mismatch distributions of mtDNA lineages for the (a) southern and (b) 
northern P. imperialis sp. 1 populations. Observed distributions are represented by open 
circles and solid lines. Simulated distributions are represented by black triangles and dotted 
lines. The southern population shows signals of sudden population expansion. 
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Table 5.4: Genetic characteristics of microsatellite loci. 
  Species 1 south   Species 1 north   Species 2 
Locus HO/HE FIS   HO/HE FIS   HO/HE FIS 
Pli2 0.27/0.49*** 0.43 
 
Monomorphic - 
 
0.28/0.75*** 0.63 
Pli3 0.46/0.68*** 0.33 
 
0.03/0.03 0.00 
 
0.54/0.75*** 0.27 
Pli4 0.43/0.60*** 0.29 
 
0.40/0.67** 0.41 
 
0.59/0.91*** 0.35 
Pli5 0.59/0.88*** 0.33 
 
0.31/0.67*** 0.53 
 
0.33/0.56*** 0.41 
Pli6 0.44/0.75*** 0.42 
 
Monomorphic - 
 
0.57/0.90*** 0.37 
Pli7 0.22/0.55*** 0.60 
 
0.26/0.47* 0.45 
 
0.33/0.56*** 0.42 
Pli8 0.66/0.91*** 0.28 
 
0.43/0.88*** 0.52 
 
0.67/0.91*** 0.26 
Pli10 0.53/0.77*** 0.31 
 
Monomorphic - 
 
0.04/0.06 0.39 
Pli11 0.34/0.49*** 0.32   0.11/0.52*** 0.78   Monomorphic - 
Observed (HO) and expected (HE) heterozygosity with significance for deviation from HWE (*P < 0.05,**P < 0.01, ***P < 0.001) after correction for 
multiple testing, and inbreeding coefficient (FIS) 
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Figure 5.4: Schematic diagram of a 20 bp section of the ITS2 region showing the indel 
at position 102 of the sequence alignment (denoted by bracket) that is diagnostic for 
each of the three populations. Within each population, ITS2 sequences were identical. 
 
Table 5.5: Global (across pooled loci) genetic variability. 
Population N NA NP HO/HE FIS 
Species 1 south 101 13.63 ± 2.65 10.97 ± 1.87 0.44/0.68* 0.36 
Species 1 north 35 5.89 ± 2.14 3.44 ± 1.13 0.17/0.35* 0.53 
Species 2 79 13.15 ± 3.46 11.61 ± 2.98 0.37/0.60* 0.38 
Observed (HO) and expected (HE) heterozygosity with significance for deviation from HWE (*P < 
0.05,**P < 0.01, ***P < 0.001) after correction for multiple testing, inbreeding coefficient (FIS), 
allelic richness with rarefaction (NA) (± standard error), and private allelic richness (NP) (± standard 
error) across all loci. 
 
Table 5.6: Pairwise population genetic differentiation based on microsatellite data. 
  Species 1 south Species 1 north Species 2 
Species 1 south - * * 
Species 1 north 0.398/0.170 - * 
Species 2 0.355/0.976 0.495/0.977 - 
Population pairwise FST/RST are given in the lower diagonal, and significance for G-tests of genotypic 
differentiation are given in the upper diagonal (*P < 0.001). 
 
5.5 Discussion 
We successfully applied a comparative population genetic approach to scale genetic 
differentiation of allopatric fig wasp populations relative to a closely related species. 
As hypothesised, the observed high levels of genetic differentiation based on 
microsatellite data, coupled with moderate and low levels of differentiation based on 
mtDNA and nuclear DNA sequences respectively, were consistent with genetic 
signals of incipient speciation. Thus, the P. imperialis species complex comprises at 
least six species. Our results highlight the importance of multilocus approaches to 
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species delimitation, and suggest that species diversity in this complex has 
previously been underestimated (Darwell et al. 2014). 
Fixed indels of dinucleotide repeats at the ITS2 region, reciprocal monophyly at the 
cytb gene, extremely high microsatellite differentiation, and microsatellite genotype 
clustering provide strong evidence that allopatric P. imperialis sp. 1 populations are 
incipient species. Darwell et al. (2014) independently applied three DNA barcoding 
loci (COI, cytb and ITS2) and two species delimitation methods to resolve P. 
imperialis into five distinct molecular operational taxonomic units (MOTUs; Blaxter 
2004). Use of DNA barcoding tools for species delimitation, however, is known to 
yield inconsistent results depending on the methods used (Linares et al. 2009; Sauer 
& Hausdorf 2012; Fujisawa & Barraclough 2013; Hamilton et al. 2014). The task of 
delimiting recently diverged species is particularly problematic (Hickerson et al. 
2006), even when multiple loci are employed (Satler et al. 2013). Satler et al. (2013), 
for example, applied four species ‘discovery’ methods (i.e. methods that do not 
require a priori expectations or data partitioning) to a multilocus dataset for the 
trapdoor spider genus Aliatypus and found support for three, four, five and eighteen 
species, respectively. Consequently, it may be difficult to have confidence in any one 
estimate of species diversity.  
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Figure 5.5: PCA plot of P. imperialis individuals based on multilocus microsatellite 
genotypes. (Black circles = southern P. imperialis sp. 1, open circles = northern P. 
imperialis sp. 1, black square = P. imperialis sp. 2). 
The delimitation of allopatric lineages is particularly difficult as it is not clear 
whether or not the observed genetic divergence is indicative of reproductive 
isolation. Not only are measures of behavioural and ecological traits much simpler 
for sympatric lineages; they also lend themselves to relatively straightforward tests of 
gene flow (e.g. Donnelly et al. 2013). Gómez et al. (2007) validated the species 
status of divergent allopatric lineages of the marine bryozoan Celleporella hyaline 
using laboratory mating trials. Similar tests, however, are problematic in fig wasps 
because (i) they are extremely difficult to keep in culture, (ii) mating takes place 
among offspring within the fig, making controlled crosses almost impossible, and 
(iii) cryptic taxa are often geographically separated (in the case of P. imperialis sp. 1, 
by approximately 1,500 km), which can pose logistical, and even biosecurity, 
problems. 
Our molecular results show that P. imperialis sp. 1 populations are incipient species; 
however, it is clear that an exhaustive and integrative revision of the taxonomy of 
this species complex is required. Expert morphological taxonomic revision in 2002 
concluded that P. imperialis comprised a single species across its wide geographic 
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range (Lopez-Vaamonde et al. 2002). It has been suggested since, however, that 
morphological differences (colour and head length-to-width ratio) might be useful in 
delimiting at least two P. imperialis species (J.-Y. Rasplus, personal 
communication). The geographic separation of the two P. imperialis sp. 1 
populations could yield intriguing insights into ecological diversification in the early 
stages of speciation. The northern P. imperialis sp. 1 population coexists with two 
other pollinator species (Darwell et al. 2014), and therefore is subject to a selective 
pressure (interspecific competition for oviposition sites) that the southern population 
does not experience throughout most of its range. Furthermore, both P. imperialis sp. 
1 populations interact with a single geographically widespread population of the 
parasitoid Sycoscapter sp. A (Sutton et al. 2016). It is possible that they will develop 
adaptive responses to a common antagonist (Kjellberg & Proffit 2016), but this 
requires further investigation. 
Despite several molecular studies within the P. imperialis complex (Haine et al. 
2006; Darwell et al. 2014; Sutton et al. 2016), a thorough understanding of the 
phylogenetic relationships within it are lacking. Given that standard phylogenetic 
markers lack the resolution required for this (Haine et al. 2006; Darwell et al. 2014), 
a phylogenomic approach may be required. A resolved phylogeny would provide a 
platform to form hypotheses regarding major factors influencing speciation in this 
complex and a better understanding of how diversity is generated in host-specific 
nursery pollination systems. Tests of population expansion in the present study 
support sudden expansion of the southern P. imperialis sp. 1 population. Mismatch 
distribution analysis of the northern P. imperialis sp. 1 population, however, 
indicates that it has not experienced population expansion. This suggests a northern 
origin of P. imperialis sp. 1 with rapid southward expansion (which was likely 
concurrent with the range expansion of the host plant) and subsequent splitting and 
reduction of the smaller northern population. This explanation could account for 
higher levels of genetic diversity in the southern population despite a northern origin 
of these species. 
There are three other possibilities that could account for the extremely low genetic 
diversity in the northern P. imperialis sp. 1 population. Firstly, low sample size of 
the northern P. imperialis sp. 1 population could result in decreased estimates of 
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genetic diversity due to subsampling. This seems unlikely, though, given that genetic 
diversity within each of the four southern P. imperialis sp. 1 sites was higher than in 
northern P. imperialis sp. 1 despite the fact that sample size for the northern P. 
imperialis sp. 1 population (N = 35) was higher than the sample size for any of the 
southern P. imperialis sp. 1 sites (N ≤ 30; Chapter 3; Sutton et al. 2016). Another 
possibility for the low genetic diversity of the northern P. imperialis sp. 1 population, 
including the fact that three of the loci were monomorphic, is that these 
microsatellite markers were developed using individuals from the southern P. 
imperialis sp. 1 population (Sutton et al. 2015). However, this explanation seems less 
likely given the high level of genetic diversity in the more distantly related P. 
imperialis sp. 2. Finally, Wolbachia-induced selective sweeps have the potential to 
concurrently decrease intraspecific diversity and increase interspecific diversity (e.g. 
Shoemaker et al. 2004; Delgado & Cook 2009; Xiao et al. 2012). This is certainly a 
possibility given the extremely high frequency of Wolbachia infection in fig wasps 
(Shoemaker et al. 2002; Haine & Cook 2005), but remains to be investigated in P. 
imperialis. 
 
5.5.1 Conclusions 
We show that allopatric P. imperialis sp. 1 populations are incipient species. Our 
results support the use of multilocus approaches to species delimitation, and 
highlight major gaps in our understanding of evolution within this system. Further 
studies are required to establish morphological, behavioural and/or ecological 
characters that will help to refine the taxonomy of P. imperialis. 
The allure of DNA taxonomy is strong, but while DNA barcoding methods offer a 
quick and convenient ‘first glance’ at species diversity, they should not be used as 
the sole tool for species delimitation (Will & Rubinoff 2004b; Ebach & Holdrege 
2005). Where possible, future efforts to define species boundaries should integrate 
multiple sources of data (Will et al. 2005), whether they be molecular, 
morphological, behavioural or ecological. 
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Chapter 6 
Vulnerability of temperate fig-
pollinating wasps to heat and 
desiccation stress 
6.  
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6.1 Abstract 
Climate change can threaten insect pollination systems in different ways. While 
temperate zone ectotherms typically experience mean temperatures below their 
thermal optima, high variation can still expose them to dangerous extremes. We 
investigated the effects of short bouts of realistic high temperatures and low humidity 
on the only fig wasp species that pollinates Port Jackson fig in temperate New South 
Wales (Australia). Wasp offspring develop only inside the fig fruits and female 
wasps rely on males to release them from figs to disperse. We measured wasp 
emergence from figs at a range of temperatures, and tested the effects of heat wave 
conditions (hot and dry) on adult female longevity. Emergence from figs was 
unaffected by temperatures up to 39°C, but declined drastically above 39°C. 
Meanwhile, adult longevity decreased gradually with temperatures above 30°C and 
median lifespan was just 3 hours at 39°C. Low humidity further reduced wasp 
longevity. Field data indicated that fig fruits exposed to solar radiation were 
significantly hotter than those in shade, suggesting that figs in shaded areas could 
provide protected microhabitats for fig wasps. Our data indicate that temperate 
pollinating insects may be vulnerable to high temperatures that already occur 
occasionally, and are predicted to increase in frequency and intensity, coupled with 
low levels of humidity. When considering the prospects for temperate insect 
pollinators under climate change, humidity effects should be considered alongside 
temperature. Temperature extremes may be at least as important as increasing means, 
and their impacts may be exacerbated by reduced levels of humidity.  
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6.2 Introduction 
Climate change can influence biotic processes in many ways. With regard to plants 
and their insect pollinators, interest has focused primarily on predictions that global 
warming may uncouple plant and pollinator phenologies, reducing their temporal 
overlap and, thus, overall pollination success (Hegland et al. 2009). Phenological 
matching is only one aspect of insect pollination, however, and Forrest (2015) 
recently proposed a shift in focus towards (1) the effects of acute aspects of climate 
change (e.g. drought) on pollination mutualisms, and (2) the effects on pollinator 
populations themselves (rather than the plants they pollinate).  
Direct effects of climate stresses on insects are likely to be of increasing importance, 
because current models predict an increase in the frequency of extreme weather (e.g. 
heat waves, drought) (Meehl & Tebaldi 2004; Collins et al. 2013). Tropical insects 
typically occupy relatively narrow latitudinal ranges compared to temperate species 
(Rapoport’s Rule; Stevens 1989) and are thought to have adapted to narrower 
thermal ranges as a result (Stevens 1989). Conversely, outside of tropical zones, 
many insects experience mean temperatures below their thermal optima (Addo-
Bediako et al. 2000; Deutsch et al. 2008), and are also subjected to large variation in 
both temperature and relative humidity. Consequently, tropical insects are much 
more vulnerable to small increases in mean temperature than temperate species 
(Addo-Bediako et al. 2000). It may therefore be more ecologically relevant to 
explore the effects of thermal range extremes than increased average temperatures 
when investigating the climate change factors that are likely to threaten temperate 
insect species (Jentsch et al. 2007; Kingsolver et al. 2013). For example, both 
thermal tolerance and desiccation resistance in drosophilids are wider in species from 
higher latitudes than in those restricted to the tropics (Parkash & Munjal 1999; Sgrò 
et al. 2010; Mitchell et al. 2011). 
There have been relatively few studies of the responses of pollinating insects to heat 
stress and drought. Butterflies are the exception, with field studies highlighting their 
vulnerability to drought (Pollard et al. 1997) and heat wave events (Piessens et al. 
2009). These patterns are supported by laboratory experiments that highlight the 
severe effects of acute climatic events on butterfly fitness, influencing various 
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aspects of physiology and life history, such as reductions in body size and longevity 
(Bauerfeind & Fischer 2014; Fischer et al. 2014). 
One of the largest evolutionary radiations of pollinating insects involves the tiny 
wasps (Hymenoptera: Agaonidae) that pollinate fig trees (Ficus, Moraceae). This is 
an obligate reproductive mutualism with very high partner specificity, which 
provides food (figs) for a diverse range of animals on all tropical continents 
(Shanahan et al. 2001). Fig trees can be keystone resources because their unusual 
phenology, with at least some trees in a population in flower at any given time, 
favours year-round fruit production. However, key details of fig wasp biology also 
make their populations, and as a result their interactions with figs, vulnerable to 
climate change. Importantly, fig wasps are the only vectors of fig pollen, while fig 
wasp offspring develop only in the figs of the trees they pollinate. The tree 
population effectively “rears” its own host-specific pollinator population inside its 
fruits. While the larvae of most species take a few weeks to mature inside figs, the 
free-living adults live for only a day or two. During this brief, non-feeding adult life, 
the females must disperse potentially long distances (Harrison 2003; Ahmed et al. 
2009) to find receptive figs in which to lay their eggs. Abiotic factors reducing the 
presence or activity of adult wasps can therefore cause drastic reductions in 
pollination, or even local collapse of pollinator populations (e.g. Bronstein & 
Hossaert-Mckey 1995). 
Harrison (2000, 2001) first demonstrated drought-induced mortality of tropical fig-
pollinators in Borneo. Subsequent laboratory experiments have further highlighted 
the sensitivity of tropical fig wasps to small increases in temperature (Jevanandam et 
al. 2013) and decreases in humidity (Dunn et al. 2008b; Warren et al. 2010). These 
results imply threats to the persistence of tropical fig wasp populations and, 
consequently, the figs they pollinate, under climate change. Overgaard et al. (2011), 
however, showed that Drosophila species with broad latitudinal ranges have a higher 
tolerance to thermal shifts than do species with strictly tropical distributions. 
Consequently, temperate fig wasps and fig-pollination systems may be more stress-
tolerant than are tropical ones. 
We investigated the effects of heat stress on the emergence and longevity of a 
temperate fig wasp. Pleistodontes imperialis sp. 1 (sensu Haine et al. 2006) is the 
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pollinator of Port Jackson fig (Ficus rubiginosa) in southeastern Australia. In 
temperate zones, it experiences a typically warm, but variable climate  (January 
mean maximum temperature for Sydney is 25.9°C; Bureau of Meteorology 2015), 
with mild winters. The frequency, intensity and duration of extreme heat events and 
heat waves in Australia has been increasing strongly in the last 60 years, and current 
climate models predict further increases (Hughes 2003; Steffen 2015). Furthermore, 
evidence suggests that relative humidity over land at low and mid latitudes has been 
decreasing (Simmons et al. 2010). If the maximum temperatures currently observed 
in Sydney cause high mortality in adult fig wasps, then such mortality events are 
likely to increase in frequency with climate change and the number of days per year 
above key thresholds could increase rapidly even with minor changes in mean 
conditions, due to the high daily variability at this latitude. 
The importance of conditions inside the fig prior to adult female emergence raises 
the question of how such conditions vary under field conditions. A study in Panama 
showed that temperatures experienced by wasp offspring inside figs are higher for 
larger figs (across species) and for those exposed to direct sunlight (relative to 
shaded figs) (Patiño et al. 1994). While most figs in the canopy may be exposed to 
sun, shading within a tree may result in some protected microhabitats (figs) that 
could provide safeguards against the hottest ambient conditions.  
We conducted a series of separate experiments to test the effects of climatic stresses 
on different key aspects of temperate fig wasp biology: 
1. The effect of temperature on the emergence of wasps from figs, mediated by 
male activity inside figs; 
2. The effect of temperature and humidity on the lifespan of adult female wasps, 
the key dispersing and pollinating stage of the life cycle; 
3. Preliminary surveys to determine the core temperatures of figs on trees and 
ascertain if those in shade experience lower core temperatures than those in 
direct sunlight.  
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6.3 Materials and methods 
6.3.1 Study system 
We carried out three independent experiments to test the effects of temperature and 
humidity on: (1) the emergence of fig-pollinating wasps, (2) the longevity of adult 
fig-pollinating wasps and (3) the core temperature of figs. 
Pollen-bearing female fig wasps enter receptive figs to lay eggs and pollinate fig 
ovules. Several weeks later, mating occurs between wasp offspring that have matured 
inside the fig, after which females collect pollen and exit the natal fig through holes 
created by the males. Development of pollinator wasps occurs over six-to-eight 
weeks in average field conditions (Harrison 2005; Xiao et al. 2008). As F. 
rubiginosa figs ripen, they turn bright yellow (they are green during early stages of 
development) and become soft, and are thus easily identified. 
The fruiting of fig trees in a population is asynchronous, and monoecious figs 
generally have low population and fruiting densities, so, as in many studies of fig 
wasps, selection of sites was dictated by the availability of ripe figs when we 
performed the experiments (Table 6.1). Limitations on incubator space and 
availability of ripe figs meant that we were unable to perform all experiments at the 
same time. For the experiment on wasp longevity detailed below, ripe F. rubiginosa 
fruits were collected in autumn 2014 from the Sydney region in New South Wales, 
and we exposed the emergent wasps to the temperature treatments sequentially over 
a five week period with a two week interval between experiments at the Balmoral 
and Penrith sites. Importantly, for the experiment testing differences in the core 
temperature of figs in the sun and shade, we required ripe figs which were accessible 
in order to take temperature readings without removing the figs from the tree. As the 
only accessible figs were located in direct sunlight during the time this experiment 
was conducted, we had to provide artificial shading for some of the figs. 
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6.3.2 Experiment 1: Effects of increasing ambient temperature on wasp 
emergence 
Ripe F. rubiginosa figs (N = 410) were collected from 15 trees in the Wollongong 
area (~70 km south of Sydney) in December 2014, and put into cold boxes with ice 
(6.02 ± 0.01°C) for approximately two hours to restrict wasp emergence prior to 
incubation. While it is possible that such low temperatures might affect responses to 
temperature treatments, it is not uncommon for these sites to experience temperatures 
of 6°C overnight during spring and autumn. Furthermore, cold transport was 
essential to avoid emergence and the confounding effects of the presence of exit 
holes on internal fig temperatures during temperature treatments. Prior to incubation, 
fig samples were removed from the ice box and transferred to individual clear plastic 
pots with mesh-covered lids for ventilation, allowing figs to acclimate to room 
temperature (~25°C) for approximately 45 – 60 minutes. Fig diameter was measured 
(ventrally, at the widest point) using Vernier callipers. 
The pots were then placed in a TLM-590 incubator (Thermoline Scientific, NSW, 
Australia) at temperatures of 25°C (control), 33°C, 36°C, 39°C, 42°C, 45°C and 
48°C. Temperatures in the range of 35-40°C are frequently observed during hot 
summers in Wollongong, and temperatures greater than 40°C have been recorded 
there a total of nine times in the past decade. We coupled temperature treatments 
with one of two time treatments (3 or 7 hours exposure) to compare the potential 
effects of short bursts and extended periods of heat stress. Sample size was N = 50 
figs for the control group and N = 30 figs for all other temperature/time treatments. 
Figs from individual trees were randomly allocated across treatment groups.  
Relative humidity (RH) of the climate chamber was maintained at 55 to 60% and 
monitored using Hygrochron temperature/humidity data loggers (Maxim Integrated, 
California, USA). Although it was expected that increased temperatures would be 
accompanied by an increase in humidity within the fig fruit, we did not measure 
internal fig humidity because it would compromise the objective of the experiment 
through the creation of artificial holes that would affect internal fig temperatures and 
encourage wasp emergence. Artificial light was provided for the duration of the 
initial heat treatment. After the specified exposure times, the pots were transferred to 
an incubator with a diurnal temperature cycle of 25/19°C and a 14:10 hour light 
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cycle. After 72 hours from the start of the incubation period, the pots were filled with 
70% ethanol to prevent further wasp emergence and the number of emerged female 
pollinators were counted. From previous experience, we have found that 72 hours at 
ambient temperature is sufficient to allow almost all wasps to emerge from a ripe fig, 
while preventing the fig from becoming mouldy (Segar et al. 2014). 
 Data were analysed using zero-inflated regression models (Greene 1994). Zero-
inflated regression models are employed for overdispersed count data with excess 
zeroes that result from processes other than experimental treatment(s). For example, 
in this experiment, zero counts resulted from either (1) high temperature treatments 
or (2) error in predicting the timing of fig wasp emergence (i.e. figs may look and 
feel ripe, but wasps may not be ready to emerge). The former are considered ‘true’ 
zeroes, while the latter are ‘excess’ zeroes. We used the pscl package (Jackman 
2015) in R v3.2.0 to determine that a zero-inflated negative binomial model was a 
better fit for our data than a zero-inflated Poisson model. Subsequent analyses were 
performed in the glmmADMB package (Fournier et al. 2012; Skaug et al. 2013), 
which allows for the inclusion of random effects in the model. ‘Tree’ was included in 
the model as a random variable. 
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Table 6.1: Site locations and summary climate data. 
Site GPS coordinates 
Mean summer statistics Total no. days ≥ 39°C 
in last decade Max. temperature (°C) Min. temperature (°C) Rainfall (mm) 3pm RH (%) 
Wollongong
a 
34°25'30"S, 150°53'35"E 24.0 18.1 121.3 74.3 12 
Balmoral
b 
33°49'44"S, 151°15'18"E 25.6 18.4 98.9 61.7 8 
Penrith
c 
33°45'18"S, 150°40'27"E 29.8 18.0 72.6 48.3 59 
Putney Park
d 
33°50'00"S, 151°06'34"E 28.0 18.9 84.1 52.3 21
e 
Max., maximum; Min., minimum; RH, relative humidity (Bureau of Meteorology 2015). ‘3pm RH’ is the mean relative humidity as measured at 3pm local time. Climate data 
obtained for 
a
Albion Park (Wollongong Airport), 
b
Sydney (Observatory Hill), 
c
Penrith Lakes AWS, and 
d
Sydney Olympic Park weather stations. 
e
Data for 2005 – 2011 
obtained from Sydney Olympic Park weather station, and data from 2011 – 2015 obtained from Sydney Olympic Park (Archery Centre) weather station.
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6.3.3 Experiment 2: Effects of temperature and relative humidity on wasp 
lifespan 
In order to test the hypothesis that provenance plays a role in the response of wasps 
to increasing temperatures and aridity, we compared the effects of temperature and 
humidity on adult wasp lifespan using samples collected in autumn 2014 from two 
sites in Sydney, Balmoral and Penrith, which differ in local climatic conditions. 
Balmoral is situated on the Sydney Harbour foreshore, and Penrith is located inland 
in western Sydney, ~60 km west of Balmoral. Both sites are at similar altitudes (5 – 
30m above sea level) and represent two extremes along a sharp temperature gradient 
in the Sydney region (Table 6.1). Due to constraints described above, it was 
necessary to conduct this experiment as a sequence of trials over a five-week period. 
In the six weeks preceding sample collection at the respective sites, mean maximum 
temperature was 26.68 ± 0.04°C in Balmoral and 28.09 ± 0.04°C in Penrith, and 
mean minimum temperature was 20.20 ± 0.03°C in Balmoral and 17.80 ± 0.03°C in 
Penrith. We expected that wasps from the Penrith site would survive longer than 
those from Balmoral under hotter conditions, given the higher mean maximum 
temperature experienced during development. 
Ripe F. rubiginosa figs were collected from 11 trees at Balmoral in March 2014, and 
placed in individual plastic pots with mesh-covered holes in the lids. Wasps were 
allowed to emerge at room temperature (22 – 25°C)  for 1.5 hours, after which they 
were randomly assigned to a temperature and humidity treatment (N = 2 to 49 wasps 
per pot). Temperature treatments were 25°C, 30°C, 35°C, 38°C, 39°C and 40°C, and 
this was coupled with either  a high (~70%)  or low (~30%) RH treatment (Table 
6.2). For the low RH treatment, a 0.2 mL tube containing a single bead of desiccated 
silica gel was placed in the pot, which was sealed with a solid lid. We pierced two 
holes in the tube so that the RH within the pot could be reduced but wasps could not 
enter the tube. All pots were placed in a CLIMATRON-520-SL-H incubator 
(Thermoline Scientific, NSW, Australia) with RH set to 70%. RH was recorded with 
Hygrochron temperature/humidity data loggers placed in pots with mesh lids (high 
RH treatment) and solid lids with a 0.2 mL tube containing a desiccated silica gel 
bead (low RH treatment). Three data loggers were used for each humidity treatment. 
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Table 6.2: Samples sizes (no. of wasps) used to test the effects of temperature and 
humidity on fig wasp lifespan. 
  Balmoral Penrith 
Temperature (°C) High RH Low RH High RH Low RH 
25 292 308 - - 
30 296 264 398 349 
35 209 214 318 361 
38 251 212 340 337 
39 283 333 451 488 
40 189 161 - - 
(RH, relative humidity). 
 
The number of dead female pollinators in each individual pot was recorded every 
three hours until all had died. Silica beads in the low RH treatment pots (and data 
logger pots) were replaced with fresh ones at each three-hourly check. Mean RH was 
31.89% ± 0.38% and 72.63% ± 0.23% for the ‘high’ and ‘low’ RH treatments, 
respectively. The experiment was repeated two weeks later using figs collected from 
seven trees (N = 1 to 47 wasps per pot) at the Penrith site. However, given the results 
from the Balmoral site, the experimental design was simplified and only temperature 
treatments of 30°C, 35°C, 38°C and 39°C were included, coupled with ‘high’ and 
‘low’ humidity treatments. Mean RH was 27.77% ± 0.80% and 71.40% ± 0.21% for 
‘high’ and ‘low’ RH treatments, respectively. 
Median lifespan estimates were obtained using Kaplan-Meier analysis in SPSS v22.0 
(IBM Corp 2013), and log rank tests were performed to determine the effect of 
temperature on wasp lifespan. Cox Proportional Hazards models were constructed 
using the coxme package (Therneau 2015) in R v3.2.0 to obtain mortality rates. 
Within- and between-site tests were performed to test the effects of temperature, RH 
and site on lifespan. ‘Tree’ was included in the model as a random variable for 
within-site tests. No data were censored. 
 
6.3.4 Experiment 3: Core temperature of figs in sun versus shade 
This experiment was performed using 141 ripe figs from a single tree in Putney Park, 
Sydney, on 2 April 2015. Data were collected between 1300 and 1500 h local time in 
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sunny conditions. Ambient air temperature ranged from 27.8°C to 29.7°C and 27.0°C 
to 30.5°C for samples in sun (N = 68) and shade (N = 73), respectively. Three 
measurements were recorded for each fig: (1) fig diameter, (2) ambient air 
temperature, and (3) fig core temperature. Vernier callipers were used to measure the 
diameter of the fig ventrally at its widest point. Ambient air temperature was 
measured using a Testo 925 1-channel thermometer with a Type K thermocouple air 
probe (Testo, Lenzkirch, Germany). We defined ambient air temperature as the air 
temperature directly adjacent to the fig, and so the air temperature probe was 
exposed to direct sunlight when measuring ambient air temperature for figs in direct 
sunlight, but was in similar shaded conditions for ambient air temperature 
measurements for shaded figs. Between measurements of ambient air temperature, 
the air temperature probe was placed in deep shade to protect it from excess solar 
radiation. Core temperature, defined as the temperature in the centre of the fig, was 
measured with a Digi-Sense long-stem digital thermometer (Cole-Parmer, Illinois, 
USA) by inserting the probe directly into the centre of the fig. 
Samples were divided into two groups based on sun exposure: figs exposed to 
sunlight (N = 68) and figs in shade (N = 73). Although many fig fruits do grow in 
shade, the vast majority of ripe figs accessible at the time this experiment was 
conducted were naturally in direct sunlight, so artificial shading was provided for 
figs in the shaded group using an umbrella for 15 minutes prior to recording any 
temperatures. We tested the effects of ambient air temperature, fig diameter and sun 
exposure on core temperature using the lme4 package (Bates et al. 2013; Bates et al. 
2014) in R v3.2.0 (R Core Team 2015). 
 
6.4 Results 
6.4.1 Experiment 1: Effects of increasing ambient temperature on wasp 
emergence 
Wasp emergence gradually increased with temperature, before falling sharply at 
39°C and 36°C for the ‘3 hours’ and ‘7 hours’ treatments, respectively (Figure 6.1). 
No statistical support could be given to these trends as post-hoc tests could not be 
performed on data analysed using zero-inflated regression models. Exposure time 
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was not significant and was thus excluded from the final model. Temperature was 
significant in the final model (χ2 = -4.03, DF = 1, P < 0.001), and the number of 
emerged wasps increased with fig diameter (χ2 = 5.50, DF = 1, P < 0.001). Fig size 
did not vary significantly across temperature/time treatments (F1,394 = 1371.82, P = 
0.62). 
 
Figure 6.1: Mean (± S.E.) number of female P. imperialis sp. 1 wasps emerged from F. 
rubiginosa figs subject to various temperature/time treatments. (Black circles = 3 hours 
exposure, open triangles = 7 hours exposure). Sample size for control group (25°C) was N = 
50, and sample size for each other treatment was N = 30. 
 
6.4.2 Experiment 2: Effects of temperature and relative humidity on wasp 
lifespan 
Increasing temperatures and lower RH were associated with significantly higher 
mortality rates for the Balmoral site, and there was a significant temperature × 
humidity interaction (Table 6.3). At 25 and 30°C, median lifespan was 21 and 15 
hours for wasps at high and low RH, respectively (Figure 6.2a). Lifespan steadily 
decreased at temperatures above 30°C for both RH treatments. At 39°C, less than 5% 
of wasps survived longer than 3 hours for each RH treatment, and the only wasps to 
survive past 3 hours at 40°C were three individuals in the low RH treatment. 
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Pollinator lifespan in the Penrith site was significantly affected by increasing 
temperature and low RH, and we observed a significant interaction between 
temperature and humidity (Table 6.3). Low RH treatments were characterised by 
shorter lifespan across most temperature treatments, and lifespan declined at 
temperatures of 35°C and above (Figure 6.2b). Median lifespan at 39°C was just 3 
hours for both RH treatments. There was no difference in mortality between sites at 
high humidity. However, mortality was higher for wasps from the Penrith site at low 
humidity across the range of temperatures (P < 0.001) (Table 6.4). 
 
Table 6.3: The effect of increasing temperature and low humidity on mortality rates. 
    Mortality rate 
  N HR coeff. S.E. P 
Balmoral 3012     
Temperature  
1.37 0.31 0.01 < 0.001 
Humidity (low)  
20.92 3.04 0.27 < 0.001 
Temperature:Humidity  
0.93 -0.07 0.01 < 0.001 
Penrith 3042     
Temperature  
1.48 0.39 0.01 < 0.001 
Humidity (low)  
55.72 4.02 0.44 < 0.001 
Temperature:Humidity   0.91 -0.09 0.01 < 0.001 
Mortality rates were obtained with Cox Proportional Hazards regression. Hazard ratios indicate risk of 
death relative to the baseline group (i.e. basal temperature and high humidity) for each site. (N, no. 
samples; HR, hazard ratio; coeff., regression coefficient; S.E., standard error). 
 
 
Table 6.4: Comparison of mortality rate between sites for each humidity treatment. 
Site Humidity N 
Mortality rate 
HR coeff. S.E. P 
Balmoral High 1520 - 
   
 
Low 1492 - 
   Penrith High 1508 1.06 0.06 0.04 0.159 
  Low 1534 1.20 0.18 0.04 < 0.001 
Mortality rates were obtained with Cox Proportional Hazards regression. (N, no. samples; HR, hazard 
ratio; coeff., regression coefficient; S.E., standard error). HR is given for the high risk site only (the 
low risk site is considered the baseline). 
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Figure 6.2: Median lifespan duration (± S.E.) of adult P. 
imperialis sp. 1 females across temperature treatments for (a) 
Balmoral site and (b) Penrith site. The Penrith site was analysed 
at a subset of temperatures based on results from the Balmoral site. 
(Black circles = 70%RH, open inverted triangles = 30%RH). 
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6.4.3 Experiment 3: Core temperature of figs in sun versus shade 
Ambient air temperature ranged from 27.8°C to 29.7°C (mean = 28.72 ± 0.06°C) and 
27.0°C to 30.5°C (mean = 28.61 ± 0.11°C) for samples in sun (N = 68) and shade (N 
= 73), respectively. Fig core temperature increased with ambient temperature only 
for shaded figs (F1,71 = 27.09, P < 0.001) (Figure 6.3), and was higher for figs in 
direct sunlight  (30.03 ± 0.01°C) than for figs provided with artificial shade (29.09 ± 
0.01°C) (F1,133 = 30.29, P < 0.001). We also observed a significant interaction 
between sun exposure treatment and fig diameter (P = 0.048). However, fig diameter 
was not significant when sun exposure treatments were analysed independently. 
 
Figure 6.3: Fig core temperature as a function of ambient temperature in shaded figs. 
(R
2
 = 0.27, P < 0.001).  
 
6.5 Discussion 
We provide the first empirical data on the vulnerability of a temperate fig-pollinating 
wasp species to extreme levels of heat, which have increased in frequency with 
recent climate change (Steffen 2015). Our results support our expectation that these 
temperate insect populations are highly vulnerable to extreme heat conditions. Most 
notably, while most studies have focussed on the effects of temperature alone on 
  
110 
 
insect longevity, we have shown that the risks associated with increased temperature 
may be amplified by reductions in humidity, providing a more realistic scenario 
given future climate change predictions for temperate regions (Hughes 2003; Meehl 
& Tebaldi 2004; Simmons et al. 2010; Collins et al. 2013; Steffen 2015). 
The frequency of extreme heat events in Australia has increased over the last 50 
years (Hughes 2003; Steffen 2015), and this is forecast to further increase into and 
beyond the 21
st
 century (Meehl & Tebaldi 2004; Collins et al. 2013). By 2090, the 
hottest day for each season is expected to increase by 2 to 4°C in eastern Australia 
(CSIRO and Bureau of Meteorology 2015). Alarmingly, temperatures already 
experienced during summers in southeastern Australia were observed to have severe 
negative effects on fig wasp emergence and longevity. 
Emergence from the natal fig did not appear to be negatively affected by 
temperatures up to 39°C (13°C above the local summer mean maximum 
temperature), and may actually have increased with temperature up to this point in 
the ‘3 hours’ exposure treatment. However, there was almost no emergence of 
pollinators at temperatures of 42°C or above. This is consistent with typical thermal 
performance curves in ectotherms, which predict that performance will increase with 
temperature until optimal conditions are met, but will decrease rapidly at 
temperatures slightly exceeding optimal (Huey & Stevenson 1979; Gilchrist 1995; 
Martin & Huey 2008). Similarly, Adamo & Lovett (2011) showed that temperatures 
of 7°C above mean field temperature resulted in increased fecundity, faster 
development and greater body mass in the cricket Gryllus texensis (although 
temperature treatments used in their study apparently did not exceed optimal). 
The transportation of fig samples in cold boxes was required to restrict wasp 
emergence until samples were incubated under experimental conditions, and it is 
unclear how this might have affected wasp emergence. However, given the short 
time of exposure, we suspect that the subsequent acclimation period was sufficient 
for wasps to make a full recovery from any effects of cold temperature. Optimal 
temperature for emergence for wasps collected for this experiment was 10 to 13°C 
above the local summer mean maximum temperature, however, this is likely to vary 
in a natural setting due to weather variability and potential active transpiration by fig 
fruits still attached to the tree (Patiño et al. 1994). The positive correlation between 
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fig diameter and wasp emergence is likely due to higher wasp/seed production in 
larger F. rubiginosa figs (Cook & Power 1996), rather than differential effects of 
temperature on figs of different sizes. 
Median lifespan was not affected by temperatures of 30°C, but gradually declined at 
35°C and above. Median lifespan was just 3 hours at 39°C, and this is likely to be an 
overestimate, as most individuals likely died prior to the first mortality check. In 
contrast, Jevanandam et al. (2013) reported a significant reduction in the lifespan of 
fig-pollinating wasps under tropical conditions in Singapore at 30°C, which is 3°C 
above mean daily temperature, but 1°C below mean maximum temperature. We 
observed a strong reduction in adult lifespan at sub-lethal temperatures (> 30°C), 
even under favourable humidity conditions. A decrease in the already short lifespan 
of fig wasps could have severe consequences for pollination of sparsely-distributed 
monoecious figs, and potentially the ecosystems they support. Firstly, it may limit 
the dispersal potential for female wasps to locate fruits in which to lay their eggs and 
consequently provide pollination services, thus reducing the reproductive output of 
the fig trees. Secondly, reduced pollination may lead to increased abortion of fig 
fruits, reducing food resources for local vertebrate frugivores.  
Low RH treatments were associated with higher mortality rates. Dunn et al. (2008b) 
and Warren et al. (2010) showed that lifespan was significantly reduced at low 
ambient humidity in three tropical fig wasp species, however, in their studies they 
used a crude measure of humidity and did not quantify actual RH. Mean monthly RH 
for the populations sampled by Dunn et al. (2008b) is high, ranging seasonally from 
61 to 81% (Bureau of Meteorology 2015). In contrast, mean RH for the sites that we 
sampled ranges seasonally from 40 to 64% (Bureau of Meteorology 2015). Humidity 
treatments applied during this experiment therefore reflect conditions that are 
commonly experienced by P. imperialis sp. 1 in its natural environment. Significant 
differences in mortality between sites at low RH was not unusual considering that 
Jevanandam et al. (2013) found differences in mortality between wasps on the same 
tree. Genetic factors have been shown to contribute to heat tolerance in Drosophila 
(Krebs & Feder 1997; Krebs et al. 2001). It is not clear how temperature variation 
during larval development may have influenced resilience under high temperature 
conditions at the two sites used in this experiment, and although (epi)genetic factors 
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were not explored in this study, they are likely to contribute to differences in the 
thermal tolerance of fig wasps, and deserve attention in future studies. 
Patiño et al. (1994) showed that figs exposed to direct sunlight can experience 
internal temperatures of 2-to-3°C above ambient air temperature. Our data suggest 
that sun-exposed figs experience internal temperatures of almost 1°C hotter than 
shaded figs. Given the effect of small increases in temperature on fig wasp 
emergence, it could be considered that shaded figs provide protected microhabitats 
for fig wasps. Our observations of F. rubiginosa, however, indicate that figs are 
typically located on the outside of the tree canopy, suggesting that any shade 
protection may be more relevant to whole trees located in a shady environment (e.g. 
on the southern side of a steep gradient), rather than individual figs located in shaded 
parts of a tree.  Patiño et al. (1994) showed that higher fig core temperatures were 
experienced in species with larger figs, but we found no evidence to suggest that size 
variation within a fig species affects fig core temperature. Future work should aim to 
characterise how the internal temperature profiles of figs change over a range of 
ambient (and more stressful) temperatures, and how this differs between figs that are 
naturally shaded and those which are sun-exposed.  
Few studies of climate change and pollination have focussed on the effects of 
observed and predicted increases in the frequency and intensity of heat wave 
conditions. Piessens et al. (2009) found that small population size and habitat 
fragmentation played a major role in the extinction of local populations of the 
butterfly Cupido minimus following a heat wave in Europe in 2003. Similarly, 
Bauerfeind & Fischer (2014) demonstrated that a reduction in longevity and body 
size in the widespread butterfly Pieiris napi resulted from heat wave simulations. 
Interestingly, they also showed that increases in mean temperature did not have any 
significant fitness effects in this species. Our study bears similarities to studies on the 
responses of non-pollinating insects to heat waves. Using Drosophila as a model 
system, Feder et al. (Feder et al. 1997) reported (i) lethality of exposure to 
temperatures of 39°C for short periods, and (ii) fruit core temperatures exceeding 
ambient temperature. Assessment of the microclimatic conditions in citrus trees 
determined that citrus rust mites (Phyllocoptruta oleivora) actively avoid solar 
exposure, opting instead to inhabit the cool shady parts of the tree (Allen & McCoy 
1979). Such behaviours are not possible for fig wasps which have developed within a 
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fig fruit over several weeks, but it is not known whether or not pollen-bearing 
females actively seek out shaded figs when locating receptive figs to pollinate. This 
certainly warrants further investigation. 
Although our study highlights some difficulties associated with performing climate-
controlled experiments in non-model systems that cannot be kept in culture, we have 
clearly demonstrated that temperate pollinating fig wasp species are vulnerable to 
extreme conditions that are currently experienced in parts of temperate Australia. 
Future studies should aim to characterise how conditions experienced during 
development affect the timing of fig wasp development and how they respond to 
different climate scenarios throughout different life history stages. The frequency of 
extreme conditions varies across the Sydney Basin, and some areas of Sydney 
receive, on average, as many as six days per year of 39°C or above (Table 6.1) 
(Bureau of Meteorology 2016). Climate models predict that the frequency and 
intensity of extreme heat events is likely to increase; indeed, this has already been 
observed in some temperate regions (Hughes 2003; Steffen 2015), and so we can 
expect more extreme conditions similar to those simulated in our experiments. Low 
pollinator emergence and reduced longevity under these conditions could have 
potentially cascading effects on fig trees and the ecosystems they support. Failure of 
fig-pollinating wasps to emerge or locate receptive figs could lead to the collapse of 
local pollinator populations, thereby reducing pollination services to figs and thus 
depleting an important food source for vertebrate frugivores.  
Extreme heat is known to have negative consequences for the longevity and fitness 
of terrestrial ectotherms (Roux et al. 2010; Gillespie et al. 2012; Jeffs & Leather 
2014), and our results further emphasise the need for a sharper focus on the impact of 
extreme conditions, such as heat waves, on temperate biodiversity. Furthermore, the 
combined impact of heat stress and humidity conditions must be considered in order 
to provide more realistic and ecologically-relevant data on the future of our 
ecosystems.  
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Chapter 7 
General discussion 
 
7.  
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Plant-insect interactions are not only responsible for generating a significant 
proportion of extant biodiversity, but are also crucial for maintaining stability in 
terrestrial food webs. The research presented within my thesis addresses several 
outstanding questions about the evolutionary ecology of an important group of 
insects: fig wasps. Specifically, it improves our understanding of their diversity, 
biogeography and speciation through the use of molecular tools, and highlights the 
potential challenges they may be exposed to in the face of climate change. Below, I 
summarise my key findings, discuss the implications and limitations of my work and 
outline potential directions for future research arising from my thesis. 
 
7.1 Key findings, implications and limitations 
7.1.1 Host-parasitoid coevolution 
In Chapter 2, I described the development and characterisation of microsatellite 
markers for P. imperialis sp. 1. I provided detailed methods for the amplification of 
nine microsatellite markers and demonstrated their utility in other P. imperialis 
species. In Chapter 3, I applied these markers to the first comparison of population 
genetic structure in a fig-pollinating wasp (P. imperialis sp. 1) and its parasitoid 
(Sycoscapter sp. A).  
Consistent with my hypotheses, I found that (i) the pollinator comprises two 
genetically-distinct populations, while the parasitoid exists as a single population 
throughout eastern Australia, and (ii) the parasitoid disperses as far, if not farther 
than the pollinator. The first finding suggests that geographic mosaics (Thompson 
2005) likely play an important role in the coevolution of host-parasitoid interactions 
within the fig – fig wasp mutualism. The significance of geographic mosaics for 
evolution in the fig – fig wasp system has previously been suggested (Thompson 
2005; Kobmoo et al. 2010; Segar & Cook 2012; Darwell et al. 2014; Tian et al. 
2015), but this is the first time they have been considered for an interaction involving 
a NPFW. Furthermore, this study is also (to the best of my knowledge) the first 
comparative population genetic study undertaken with strict co-sampling across the 
geographic range of the host fig species. Ecological divergence of the pollinator 
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populations seems extremely likely given not only their genetic divergence and 
geographic isolation, but also the added ecological and evolutionary pressure that the 
northern P. imperialis sp. 1 population faces in having to compete with 
heterospecific pollinators for habitat patches. 
The second finding – that the parasitoid disperses as far, if not farther than the 
pollinator – challenges common views about the dispersal behaviour of NPFWs 
(Compton et al. 2000; Harrison 2003; Kjellberg & Proffit 2016). Nevertheless, these 
views are not necessarily incompatible. Early studies (Compton et al. 2000; Harrison 
2003) suggested that NPFWs disperse at lower heights than do pollinators in 
Bornean rainforests, and are thus more likely to disperse actively and locally beneath 
the tree canopy, rather than passively on wind currents far above the canopy. Given 
the habitat differences between previous studies and the present study (Bornean 
rainforest versus open woodland, fragmented eucalypt forest and urbanised areas of 
eastern Australia), it is not difficult to envisage long-distance dispersal of NPFWs 
(on wind currents), even if absolute flight heights remained consistent between the 
two habitats. 
There were two limitations of this study that pertained to the parasitoid data. Firstly, 
although parasitoids were initially genotyped at nine microsatellite loci, only six of 
these amplified consistently and were used in subsequent analyses. Although this 
situation was not ideal, power analyses suggested that these six loci had sufficient 
power to detect small levels of genetic differentiation in my data. Furthermore, I 
lacked parasitoid samples from a latitudinal stretch of almost 1,500 km (where the 
pollinator, P. imperialis sp. 1 does not occur). Inclusion of parasitoid samples from 
this stretch would probably not have altered the conclusions of this study, but they 
could have provided more robust estimates of parasitoid dispersal. 
 
7.1.2 Assessment of DNA barcoding in fig wasps 
In Chapters 4 and 5, I applied a population genetic approach to test the reliability of 
DNA barcoding in fig wasps under two geographic scenarios. Firstly, in Chapter 4, I 
assessed levels of gene flow and hybridisation among sympatric taxa that have been 
previously delimited by DNA barcoding (Haine et al. 2006; Darwell et al. 2014). 
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Secondly, in Chapter 5, I scaled genetic differentiation between allopatric fig wasp 
populations that were not split by previous DNA barcoding efforts (Haine et al. 
2006; Darwell et al. 2014), with reference to a closely-related, but distinct, species. 
I predicted that there would be minimal gene flow between sympatric P. imperialis 
species and that allopatric conspecific P. imperialis populations would exhibit 
genetic signals consistent with incipient speciation. My results confirmed my 
hypotheses by revealing that (i) sympatric P. imperialis sp. 2, 3 and 4 rarely 
exchange genes, despite considerable opportunity to interbreed at the patch level, and 
thus represent true (reproductively isolated) species, and (ii) allopatric P. imperialis 
sp. 1 populations are more than likely incipient species. The use of DNA barcoding 
to identify and define species limits can be a contentious endeavour as the discovery 
of distinct mtDNA groups is not necessarily evidence of reproductive isolation 
(Rubinoff et al. 2006; Giska et al. 2015; Martinsson et al. 2015). Furthermore, 
maternally inherited endosymbionts can confound DNA barcoding efforts via 
selective sweeps that simultaneously decrease mtDNA variation within infected 
populations and increase mtDNA variation between infected and uninfected 
populations (Shoemaker et al. 2004; Delgado & Cook 2009; Xiao et al. 2012). 
Interestingly, however, while Shoemaker et al. (2003) found a correlation between 
Wolbachia infection and host mtDNA lineages, this was not coupled with a reduction 
of mtDNA diversity within host lineages. In contrast, Wolbachia has also been 
known to facilitate hybrid introgression, resulting in shared mtDNA barcodes among 
genetically distinct species (Klopfstein et al. 2016). 
The issues surrounding the effects of inherited endosymbionts on DNA barcoding 
efforts are especially pertinent to fig wasps as they have among the highest 
Wolbachia infection frequencies of all insects (Shoemaker et al. 2002; Haine & Cook 
2005). Common Wolbachia infections are known to be shared across several P. 
imperialis species (Haine et al. 2006); however, Wolbachia infection does not appear 
to be a confounding factor in the molecular taxonomy of this species complex 
(Chapter 4; Haine et al. 2006; Darwell et al. 2014). The results presented in Chapter 
4 thus represent an important step forward in our understanding of fig wasp diversity, 
ecology and evolution in that they validate this widely used method of DNA 
barcoding for the discovery of cryptic fig wasp species. 
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Nevertheless, Chapter 5 highlights the limitations of DNA barcoding using one or a 
few genetic markers for species delimitation of allopatric taxa. Particularly for 
recently diverged populations, it is important to consider applying multilocus 
approaches using a variety of genetic markers (Dupuis et al. 2012). The use of 
mtDNA and nuclear DNA sequences and microsatellites in Chapter 5 is a very good 
illustration of this. Although different markers may tell a different story when 
considered independently, taken together, they may provide a strong insight into 
ongoing processes of divergence and speciation. 
Although I present strong support for species status among allopatric P. imperialis 
sp. 1 populations, in reality, it cannot be definitively shown that they are indeed 
reproductively isolated. It is likely, however, that over longer evolutionary 
timeframes these populations will continue to diverge genetically (and perhaps 
ecologically) to the point where their species status is irrefutable. 
 
7.1.3 The resilience of temperate fig-pollinating wasp species to climate change 
In Chapter 6, I assessed the resilience of temperate fig-pollinating wasps to extreme 
weather events. Specifically, I recorded wasp longevity under different temperature × 
humidity regimes, and quantified wasp emergence from the natal fig at increasing 
temperatures. I also took field measurements to compare the internal temperature of 
figs (still growing on trees) exposed to direct sunlight with those protected by shade. 
My results support my hypotheses that (i) extreme temperatures can cause a severe 
reduction in pollinator emergence, (ii) longevity is reduced under similar extreme 
temperatures (but not at temperatures only slightly above summer mean maximum), 
and (iii) longevity decreases under reduced humidity. I showed that pollinator 
emergence was significantly reduced at 39-42°C, but relatively unaffected at 
temperatures up to this point. Furthermore, wasp longevity was severely reduced at 
extreme temperatures (>5°C above summer mean maximum) and under low relative 
humidity conditions (across all temperatures). These results suggest that, unlike for 
tropical fig wasps (Jevanandam et al. 2013), small increases in mean temperature 
alone are not likely to have severe impacts on temperate fig wasp populations. In 
fact, similar to some tropical fig wasp species (Dunn et al. 2008b; Wang et al. 2013), 
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variation in humidity had a greater impact on longevity than a 5°C increase in 
temperature. Temperate fig wasp species are, however, likely to suffer due to the 
predicted increase in frequency and intensity of extreme heat events (Hughes 2003; 
Steffen 2015). Alarmingly, I observed severe reductions in emergence and longevity 
at temperatures currently experienced during Australian summers (Bureau of 
Meteorology 2016), and found that critical temperatures for both wasp emergence 
and longevity were in the range of 39-42°C. The frequency of days in this 
temperature range in the Sydney region is forecast to increase; in fact, from 
December 2015 to February 2016, six days with temperature maximums of 39°C or 
higher were recorded in Penrith (one of the sites used in this study), including one 
instance of temperatures exceeding 42°C (Bureau of Meteorology 2016). 
Consistent with my hypothesis, I present evidence that sun-exposed figs experience 
hotter internal temperatures (+0.94°C) than do shaded figs. While this difference 
does not seem great at face value, it becomes substantial when one considers that an 
increase of just 1°C could potentially push internal fig temperatures over the critical 
temperature for fig wasp emergence. Consequently, fig wasps contained inside figs 
that are protected by shade may be at an advantage during periods of intense heat. 
This could be a good example of the wider idea that spatial microhabitat variation 
can provide important refugia for some individuals in populations under stress. 
Logistical constraints on laboratory space and the location of field sites, and the 
availability of ripe figs, dictated the timing of these experiments. Consequently, I 
was forced to conduct each experiment at a different time point and use figs sourced 
from different sites around the Sydney area. Furthermore, samples used to test the 
effect of temperature on wasp emergence were exposed to periods of cold 
temperatures to reduce emergence during transportation. The resilience of insects to 
climatic variation is known to be affected by genetic and environmental (i.e. during 
development) conditions (Krebs & Feder 1997; Krebs et al. 2001), and so it may be 
difficult to disentangle the relative influence of genetics, developmental conditions 
and experimental pre-treatment on my results. Nevertheless, these experiments 
provide important insights into the potential fate of temperate fig wasp species under 
predicted climate change and provide the foundation for future research that takes the 
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study of climate stress effects on fig wasps beyond the simple exposure of hatched 
adults to different conditions in controlled laboratory environments. 
 
7.2 Future research 
Interspecific interactions are known to evolve along different paths in isolated 
conspecific populations (Carroll et al. 1997; Benkman 1999; Brodie et al. 2002; 
Parchman & Benkman 2002). Carroll et al. (1997), for example, revealed fitness-
associated morphological differences among populations of the soapberry bug on an 
introduced host. Observed discordance in the genetic structure of P. imperialis sp. 1 
and Sycoscapter sp. A provides an excellent opportunity to compare the ecological 
and evolutionary responses of isolated conspecific populations to a common 
antagonist. This approach could also be expanded to the other P. imperialis species, 
and would improve our understanding of their diversification and the factors that 
facilitate their coexistence in many regions. Moreover, variation in the ecological 
response of pollinator populations (or even species) to parasitism pressure requires 
further attention. Parasitoids exert a strong selective pressure on host populations that 
manifest in their ecology. Dunn et al. (2008a), for example, revealed that female P. 
imperialis wasps typically favour oviposition in long-styled inner ovules that are less 
accessible to parasitoids. Despite including multiple P. imperialis complex species in 
their analyses, they did not test for differences in ovule preferences between species, 
due to difficulties in distinguishing between morphologically cryptic wasp species. 
Future studies should address the ecological impacts of parasitism and how it varies 
across populations.  
However, in order to truly improve our view of diversification within the P. 
imperialis species complex, a thorough grasp of the phylogenetic relationships and 
distinguishing taxonomic characters is required. The former is absolutely critical for 
the formation and testing of hypotheses regarding mechanisms of speciation in this 
system. Genetic studies within this complex have so far been limited to DNA 
barcoding (Haine et al. 2006; Darwell et al. 2014) and population genetics of one or 
a few species in isolation (Chapters 3-5). It is likely that robust phylogenetic analyses 
will require genomic approaches, such as restriction site-associated DNA sequencing 
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(RAD-seq), due to the recent nature of diversification in P. imperialis (Darwell 
2012). Indeed, evidence supports the reliability of RAD-seq in phylogenetic studies 
(Cariou et al. 2013; Cruaud et al. 2014; Gonen et al. 2015), even in problematic taxa 
(Hou et al. 2015) and recent radiations (Wagner et al. 2013). An improved taxonomy 
of P. imperialis species would no doubt improve the efficiency with which 
ecological studies can proceed. Subtle differences in head morphology and melanism 
between some P. imperialis species (J.-Y. Rasplus, personal communication) offer 
promise that a better taxonomic revision is also achievable. 
Warren et al. (2010) demonstrated that geographic distribution in two African 
Ceratosolen fig wasps is dictated by physiological limits on thermal tolerance and 
desiccation resistance. Darwell (2012) used environmental modelling to predict the 
distribution of P. imperialis species, and subsequently suggested that tests of 
physiological limits may help to explain geographic distribution in P. imperialis. 
Interestingly, the P. imperialis species complex comprises some species that occupy 
purely temperate (P. imperialis sp. 1) and tropical (P. imperialis sp. 2) environments, 
as well as more widespread species found throughout tropical and subtropical climate 
zones (P. imperialis sp. 3 and 4). There is potential for reciprocal climate 
experiments to reveal evidence of adaptation among P. imperialis species by 
measuring performance of different species under various temperature × humidity 
conditions. Furthermore, similar experiments on conspecific individuals from 
different locations could elucidate the effects of local environmental conditions to 
thermal tolerance. The P. imperialis species complex could thus be an important 
model for understanding species distributions, and could potentially challenge 
Rapoport’s Rule and the Climate Variability Hypothesis (Stevens 1989). 
Furthermore, an extension of studies presented in Chapter 6 to other P. imperialis 
species would provide invaluable information on the resilience of this pollination 
system to climate change. More realistic predictions could be made if (i) tests of 
wasp emergence at different temperatures were made in the field and (ii) fig core 
temperature could be monitored over a range of ambient temperatures, including 
those that could be considered ‘extreme’. Given the effect of extreme temperatures 
on fig-pollinating wasp emergence and longevity, it would be useful to understand 
how NPFWs might cope under similar conditions. Preliminary data suggest that they 
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live much longer than pollinators at both ambient and high temperatures (T.L. Sutton 
& J.L. DeGabriel, unpublished data). The widespread knockdown of pollinator 
populations may have dire consequences for their parasitoids (due to lack of hosts); 
however, our observations suggest that large gallers are among the most resilient to 
heat stress in the F. rubiginosa NPFW community. Not only can these species 
reproduce in figs that are not pollinated, but they can also release themselves from 
the natal fig without the help of male fig-pollinating wasps (Segar et al. 2014). This 
could be due to their larger size and smaller surface area to volume ratio, which may 
reduce water loss under low humidity conditions, giving them an advantage over 
pollinators. Incorporating NPFWs into these studies would provide a more complete 
overview on the fate of the fig – fig wasp system under predicted climate change. 
 
7.3 Concluding remarks 
The research presented in this thesis advances our understanding of the ecology and 
evolution of fig wasps. More broadly, it promotes population genetic approaches to 
genetic studies of coevolution and biodiversity by demonstrating their sensitivity at 
detecting important evolutionary processes at fine spatial and temporal scales. 
Importantly, these approaches are crucial to enhancing our knowledge of species 
diversity – a necessary first step in making predictions about the fate of biodiversity 
under climate change, and essential for the development of mitigation strategies.  
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Appendix A 
 
Figure A1: TESS barplots for K values ranging from 2 to 8. According to the TESS manual, 
the optimal Kmax can be determined by viewing barplots for increasing Kmax from 2 to n. The 
optimal Kmax becomes clear when an increase in Kmax does not produce an additional 
unambiguous cluster. In this instance, Kmax = 4 provides the same information as Kmax = 3 (it 
merely splits the yellow cluster into two). The optimal Kmax was therefore determined to be 
3. 
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Appendix B 
Table B1: Within-site genetic structure (Kinship coefficient) 
  
        Pollinator     Parasitoid   
(a) Logarithmic distance b P   b P 
Sydney -0.002 ± 0.005 0.506 
 
-0.004 ± 0.005 0.247 
Newcastle -0.008 ± 0.004 0.140 
 
0.002 ± 0.000 0.348 
Port Macquarie 0.000 ± 0.001 0.909 
 
0.003 ± 0.002 0.277 
Byron Bay -0.009 ± 0.007 0.551 
 
0.002 ± 0.007 0.540 
Atherton 0.002 ± 0.003 0.662   -0.009 ± 0.004 0.409 
(b) Linear distance b P 
 
b P 
Sydney -0.000 ± 0.000 0.379   -0.000 ± 0.000 0.175 
Newcastle -0.004 ± 0.004 0.395 
 
0.000 ± 0.000 0.030 
Port Macquarie 0.000 ± 0.000 0.511 
 
0.000 ± 0.000 0.230 
Byron Bay 0.000 ± 0.001 0.551 
 
0.000 ± 0.000 0.476 
Atherton 0.000 ± 0.000 0.902   0.000 ± 0.000 0.605 
      
b: slope of regression  against (a) logarithmic and (b) linear geographic distance for kinship coefficient (F) within 
sites. P: Probability following Mantel test (10,000 permutations) 
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Appendix C 
Table C1. Microsatellite power analysis.  
  Pollinator     Parasitoid   
FST 
Fisher' Exact 
Test 
Chi-Squared 
Test 
 
Fisher' Exact 
Test 
Chi-Squared 
Test 
0.001 0.1315 0.1385 
 
0.1010 0.0880 
0.0025 0.3615 0.3810 
 
0.1955 0.1960 
0.005 0.7840 0.8180 
 
0.4665 0.5105 
0.01 0.9980 0.9995 
 
0.8695 0.8870 
0.013 
0.015 
- 
1.0000 
- 
1.0000 
 
0.9695 
0.9825 
0.9570 
0.9905 
0.02 1.0000 1.0000 
 
0.9995 1.0000 
0.025 1.0000 1.0000 
 
1.0000 1.0000 
0.05 1.0000 1.0000 
 
1.0000 1.0000 
Probability of pollinator and parasitoid microsatellite loci detecting true FST values according to 
Fisher’s exact test and Chi-Squared tests. Analyses were conducted in Powsim with an effective 
population size (Ne) of 4000. Simulations for FST = 0.013 were conducted for parasitoid only, as this is 
the global parasitoid FST obtained from our real data. 
 
